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PREFACE. 

The  sliuly  of  IIk'  principles  iindorlyin*^^  (he  inovcincnl  of  <^r\,%p<^ 
tlirouji^li  ruiiuiccs  jmd  hoilcis  sii^<^('st(Ml  itscll'  to  llio  aulliors  dnrinj^  f ho 
early  work  of  ihc  (JovcmiiiikmiI  rucl-tcstinj^  plnnl  at  St.  Louis,  Mo. 
Al  thai  time  (he  inoinbers  of  the  stoain-cMi^inccriiig  soction  wore 
piM-plexocl  with  tlu*  icsulls  of  a  series  of  tests  made  on  the  same  coal. 
It  was  found  that  dining  tliis  series  of  tests  the  eapaeity  developed 
by  tlie  hoil(M-  was  apparently  ind(»|)en(l(Mit  of  the  draft  in  tlie  furnace, 
that  is,  some  tests  run  with  hii,dier  dial'ts  in  tlH»  furnace  sliowed  lower 
eapaeity  than  some  other  tests  run  with  lower  drafts  in  the  furnace. 
Later  on,  aftei-  a  laiij,-e  mnnher  of  steamin*^:  tests  had  been  made  with 
the  two  Heine  boilers,  tlie  results  were  studied  with  the  object  of 
findinoj  tlie  effects  of  drafts  on  the  capacity  developed  })y  the  boiler 
and  on  otlier  items  of  the  results  of  the  tests.  Cliarts  21  to  24,  inclu- 
sive, are  the  results  of  this  study.  Althou<i:h  these  charts  show  that 
some  relation  exists  between  the  drafts  and  the  results  of  the  tests, 
this  relation  is  shown  in  an  indefniite  way,  owino;  to  the  presence  of 
many  other  influencing  factors. 

Early  in  1908,  after  the  suspension  of  i-egular  fuel  tests  at  the  fuel- 
testing  plant  at  Norfolk,  Va.,  the  writeis  took  up  the  study  of  ''draft" 
again.  They  decided  to  make  a  series  of  experiments  with  a  labora- 
tory apparatus  in  order  that  they  might  easily  eliminate  all  variables 
except  the  ones  they  wished  to  study,  such  elimination  being  impos- 
sible in  experiments  with  a  large  boiler.  These  laboratory  experi- 
ments gave  very  consistent  results,  which  furnished  material  for  a 
rational  study  of  the  laws  governing  the  movement  of  gases  through 
steam-generating  appai*atus. 

Although  the  laws  that  wei'e  deduced  from  the  experiments  strictly 
apply  only  to  the  isothermal  flow^  of  gaees,  nevertheless  the  writere 
thought  that  the  deductions  would  be  applicable  to  a  large  extent  to 
'flows  of  gases  in  a  steam  boiler.  The  writers  were  not  disappointed 
in  their  expectations;  duiing  the  last  tw^o  years  they  have  had  many 
opportunities  to  see  how  closely  the  deductions  which  they  had 
drawn  from  the  laboratory  experiments  applied  to  large  boilers  and 
to  gases  of  varying  temperatures. 

1 1  is  the  hope  of  the  writers  that  this  bulletin  will  be  a  help  in  solv- 
ing many  a  vexatious  problem  pertaining  to  ''drafts"  in  boiler  plants. 
The  theme  of  this  bulletin  is  perhaps  not  presented  in  the  best  and 
most  easily  comprehended  w^ay,  but  it  must  be  remembered  that  the 
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subject  of  (halls  hiid  been  *<i veil  lilllc  attention,  and  no  defmite  and 
precise  terms  were  developed  which  could  convey  ideas  accurately; 
therelore,  lonir  pluascs  often  had  to  be  used  where  one  word  of  definite 
meanin<^  would  have  made  the  statements  more  concise  and  clear. 
For  this  reason,  the  study  of  the  bulletin  will  require  closer  attention 
than  the  study  of  an  ordinary  report  of  a  boiler  test  wherein  terms 
are  employed  that  liave  been  standardized  by  long  usage  and  have 
definite  meanings. 

Those  who  do  not  wish  to  study  the  whole  bulletin  may  find  prac- 
tical deductions  and  summaries  on  pages  11,  12,  32,  41,  42  to  47  and 
59. 


TIIK  SIGNIFICANCE  OF  DIUFTS  IN  STEAM-BOILER 

PIUCTICE. 


By  Walter  T.  Kay  and  TTenry  Kreisingku. 


INTRODUCTION. 

This  proliniinary  bulletin  was  written  as  the  first  of  a  series  of 
several  on  the  si<^niricance  of  drafts  in  steam-boiler  practice,  the 
succeedinp;  bulletins  to  be  alon^ij  the  same  lines  but  of  a  more  advanced 
character.  The  conclusions  arrived  at  are  tentative,  and  are  the 
result  of  a  study  of  one  of  the  many  problems  orrowing  out  of  a  gen- 
eral plan  of  the  United  States  Government  to  increase  the  efficiency 
with  which  the  coals  of  the  country  are  beint^  used.  Greater  effi- 
ciency requires  better  boiler  and  furnace  desio;n. 

The  experimental  study  of  drafts  on  which  the  conclusions  pre- 
sented in  this  bulletin  are  based  formed  part  of  the  fuel- testing  inves- 
titi:ations  that  were  carried  on  bv  the  technolotyic  branch  of  the  United 
States  Geoloojical  Survey  and  have  been  transferred  to  the  Bureau 
of  Mines. 

The  experiments  made  seem  to  indicate  that  it  is  possible  to  double 
or  treble  the  capacity  of  a  plant  without  making  any  radical  changes 
in  the  furnaces  and  boilers.  These  increases  require  about  double 
and  treble  the  quantities  of  air  to  be  put  through  the  fuel  beds  and 
boilers.  It  also  seems  probable  that  rebaffling  the  boilers  will  often 
permit  the  capacity  to  be  doubled  or  trebled,  while  still  getting  more 
steam  than  formerly  per  pound  of  coal  for  uses  outside  the  boiler 
room. 

These  experiments  were  undertaken  with  the  object  of  clarifymg 
ideas  concerning  the  passage  of  air  through  fuel  beds  and  boilers. 
Measured  weights  of  air  were  passed  through  two  beds  of  lead  shot, 
in  series,  one  of  which  remained  always  the  same  and  represented  a 
boiler;  the  other  being  varied  as  to  size  of  shot  and  depth  of  bed,  and 
representing  a  fuel  bed.  Careful  observations  w^ere  made  of  the 
weight  of  air  passing  through  the  beds  per  minute.  All  data  were 
plotted  in  many  charts,  so  as  to  permit  the  study  of  them  from  several 
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points  of  view.  A  number  of  laws  were  deduced  hearing  on  the  rela- 
tive amounts  of  power  required  to  force  air  through  fuel  beds  of 
various  thicknesses,  composed  of  various  sizes  of  coal,  and  through 
boilers  of  various  lengths  and  areas  of  gas  passages. 

An  important  part  of  the  discussion  relates  to  an  increase  in  the 
capacity  of  boilers  by  increasing  the  amount  of  power  applied  to 
pressure  and  exhausting  fans  and  thus  forcing  several  times  as  much 
air  through  the  fuel  beds  and  boilers. 

It  may  be  possible,  as  a  result  of  these  investigations,  to  raise  the 
rate  of  working  the  boiler  heating  surface  to  three  or  even  four  times 
its  present  value.  Such  an  increase  would  undoubtedly  mean  new 
designs  of  grates,  stokers,  furnaces,  and  boilers,  especially  fitted  for 
liigh  rates  of  working.  Fan  equipments  designed  to  supply  three  or 
four  times  as  much  air  under  several  times  the  pressure  would  be 
provided  with  more  efficient  engines,  thus  giving  an  additional  factor 
favoring  high-capacity  working. 

It  must  be  borne  in  mind,  as  stated  above,  that  the  results  are 
tentative.  It  will  cost  money  to  force  gases  at  high  speeds  through 
fuel  beds  and  boilers,  and  there  will  soon  be  pressing  need  of  such 
quantitative  data  as  w411  enable  the  largest  possible  part  of  the 
energy  imparted  by  the  fans  to  be  advantageously  utilized. 

We  desire  to  thank  our  superiors,  especially  Messrs.  L.  P.  Breck- 
enridge  and  D.  T.  Randall,  for  their  helpful  criticism  and  suggestions. 

DRAFTS  AND  THEIR  SIGNIFICANCE. 

In  the  steam-boiler  furnace  the  hot  fuel  is  made  to  burn  by 
passing  a  current  of  air  through  it.  This  current  of  air  supplies  the 
necessary  oxygen  and  carries  away  the  gaseous  products  of  combus- 
tion. In  order  that  the  boiler  may  absorb  the  heat  generated  by 
combustion  and  contained  in  the  gases  leaving  the  fuel  bed,  the 
gases  are  caused  to  flow  along  the  heating  plates  of  the  boiler  and  to 
impart  heat  to  them  by  coming  into  contact  with  their  surfaces. 
The  stronger  the  current  of  air  through  the  fuel  bed  the  higher  the 
rate  of  combustion;  and,  likewise,  the  stronger  the  current  of  gases 
over  the  heating  surfaces  the  faster  the  boiler  seems  to  absorb  heat. 
It  is  thus  evident  that  the  motion  of  the  air  and  of  the  gases  of 
combustion  is  very  essential  to  the  operation  of  a  furnace  and  boiler. 
The  motion  of  gases  is  produced  by  an  excess  of  pressure  at  any  point 
over  that  at  any  otlier  point  toward  which  the  gases  are  flowing ;  the 
greater  the  pressure  difference  the  higher  the  velocity  of  flow.  The 
word  "draft"  is  loosely  applied  sometimes  to  the  motion  of  gases 
and  sometimes  to  the  difference  of  pressure  producing  the  motion. 
In  order  to  avoid  ambiguity  and  the  giving  of  false  impressions  as 
to  the  cause  of  motion  of  gases,  the  word  will  ordinarily  not  be  used 
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in  this  hiillctiii.  A  nmiiK'nt  s  ('«>ii>i(|('i>ili<)ii  of  the  likcliliooil  ifiul 
a  ;^as  is  a,  disconliiuious  Ixxly  will  make  il  clear  llial  lli<Tecan  really 
be  no  such  ni(>liN'c  cause  as  "(Iraft." 

There  aic  three  ways  of  prodiiciii;^  such  (hll'ereiK'ert  of  presHure  as 
will  cause  teases  lo  llow^  (hiou^h  1  he  fuel  hcd  jind  hoiler — (1)  by  chim- 
neys, (2)  hy  exhaust  in*:;  fans  between  boilers  and  chinuieys,  and  (^i) 
by  i>i"(\ssure  fans  su|)|)lyin^  air  under  tlu^  «;raie. 

I.  'Vho  use  of  hi^h  chinuieys  is  most  conunon.  1  hc}  reduce  tin; 
pressures  inside  their  bases  so  that  t  h(^  jjjreatcr  |)ressur(i  of  thc^  atmos- 
|)hei-e  outside  j>ushes  air  through  t  he  fuel  bed  and  ^ases  of  conibnsi  ion 
throu<z;h  the*  boilers  into  tluMr  bases.  The  reduction  of  j)i('ssurcs  is 
due  to  the  fact  that  gases' exj)and  when  heated,  in  conse(|ucnee  of 
Avhich  the  chimneys  contain  smaller  weii:;hts  of  <rases  than  they  wouhl 
if  chinmeys  and  <^ases  wei'e  cold.  We  then  have  the  weight  of  a 
column  of  hot  j^ases  in  the  chimney  prcssin<^  a<i;ainst  the  gases  in  the 
uptake,  and  the  \vei<^ht  of  a  eohnnn  of  air  of  the  same  dimensions  and 
at  atmospheric  temperature  pressing  against  the  air  in  the  ash  pit. 

Referring  to  figure  l,\ct  w  be  the  weight  of  the  colunm  of  hot  gases 
in  the  chimney,  and  W  the  weiglit  of  a  eohmm  of  outside  air  of  the 
same  dimensions;  then  the  difference  (d)  between  the  j)ressures  in 
the  ash  pit  and  the  uptake  will  be  the  diirerence  between  the  weights 
of  these  two  colunms  when  both  have  unit  area  of  cross  section, 
or  d  =  W  —w. 

The  same  equation  will  be  obtained  if  we  include  in  the  calcula- 
tions the  weights  of  the  columns  of  air  above  the  chimney  and  above 
the  aforementioned  imaginary  column  of  cold  air  outside  the  chim- 
ney. Let  the  weights  of  these  columns  be  A  (see  fig.  1) ;  then  the  total 
weight  pressing  against  the  ash-pit  door  is  A  +  Wand  the  total  weight 
pressing  against  the  gases  in  the  uptake  is  A  +  w.  Therefore  the 
difl'erence,  d  =  A-\-W  —  (A  +  w)=W  —  w,  as  before. 

As  a  result  of  this  difference  of  pressure  the  outside  air  pushes 
the  furnace  gases  into  the  chimney  and  through  it  into  the  high  open 
atmosphere.  The  air  which  has  been  pushed  through  the  fuel  bed 
into  the  furnace  is  partly  modified  by  the  combustion,  which  produces 
more  furnace  gases,  wdiich  are  in  turn  pushed  out  through  the  chimney 
into  the  open  air. 

It  is  evident  that  the  hotter  the  gases  in  the  chimney  the  more 
they  are  expanded  and  the  lighter  they  are,  and  the  greater  is  the 
difference  of  gas  pressure  between  the  front  of  the  furnace  and  the 
base  of  the  chimney;  also  that  the  higher  the  chimney  the  greater 
is  the  difference  of  pressure. 

The  heat  energy  left  in  the  column  of  gases  escaping  from  a  boiler 
is  not  entirely  wasted,  as  part  of  it  is  used  in  keeping  up  the  con- 
tinuous current  of  gases.     By  raising  the  temperature  of  the  gases 
the  same  difference  of  pressures  between  the  uptake  and  the  front 
99490**— Bull.  21—11 2 
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of  the  furnace  can  be  had  b}^  a  low  chimney  as  by  a  high  one,  ah  hough 
such  a  method  would  not  be  economical.  Anything  which  reduces 
the  temperature  of  the  gases  while  in  the  stack  reduces  the  magni- 
tude of  the  pressure  difference  between  the  chimney  base  and  the 
furnace  doors;  on  this  account  less  coal  can  be  burned  and  less  steam 
made.  It  follows  that  a  steel  stack  without  any  brick  lining  on  the 
inside  is,  on  account  of  the  high  thermal  conductivity  of  the  steel, 


Fig.  1.— Cause  of  reduced  pressure  m  the  base  ol  a  high  chimney. 

not  as  eflficient  as  a  brick  one,  provided  the  latter  is  absolutely  tight, 
as  is  seldom  or  never  the  case. 

2.  Another  common  method  of  reducing  the  gas  pressure  in  the  up- 
take of  a  boiler  setting  is  by  an  exhaust  fan.  Usually  it  is  said  that 
the  exhaust  fan  sucks  or  pulls  the  gases  through  the  boiler;  in  reality 
no  such  action  can  occur.  The  blades  of  the  fan  push  the  gases  out 
of  the  casing,  thereby  reducing  the  pressure  in  it  below  that  in  the 
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funiaco;  llu^  excess  of  prcssiiic  in  (lie  fiiriincr  llini  |)iislics  (»tlii'i'  ^'hh 
tln'(Mi^li  (lu"i  l)()il<n"  into  (he  space  <»!  irdiicrd  [ni'smiic  insiilc  flic  fim 
(•Hsiii«j^,  juni  so  the  cuireiU  conliniies. 

ii.  Anolher  wjiy  of  |>i(Mlu(iii;;  ;iii  excess  of  ^as  prosHiire  under  i\w 
^rnie  o\<m-  that  in  (he  uptake  is  by  eoniu'ctin^  a  pressuro  blower  or 
fan  to  thespaee  under  (Ik*  ^ni(e,  so  as  (o  incr-ease  llie  presHure  therein 
above  Ihat  of  the  atniosphei'e.  In  some  cases  (he  whoh^  firerooni 
is  put  under  pressui"(\  This  method  is  orchmirily  termed  the  "  forced- 
chaft  "  mctiiod,  in  conlnuhstinct  ion  to  the  "  in(hiced-(haft  "  jnethod. 
Theie  is,  however,  no  essential  diirerencc  between  the  two.  Occa- 
sionally they  are  used  to<^ether. 

In  practice^  the  pressuit^s  of  t  he  *jjases  in  t  he  various  |)artsof  the  boiler 
settin«j:  are  measured  by  instruments  called  (haft  s^^^s,  the  pressures 
beintx  usually  expnvsscd  in  inches  of  wat(M-.  The  zero  points  are  or 
should  be  atmos|)heric  [)ressure.  With  an  exhaust  fan  between  the 
uptake  and  the  stack  the  pressure  anywhere  in  the  boiler  setting  is 
below  that  of  the  atmosphere  and  is  lowest  at  the  edges  of  the  blades 
next  the  shaft.  With  a  pressure  fan  applied  to  the  ash  pit  or  fire- 
room  the  pressure  under  the  grate  is  above  that  of  the  atmosphere. 
At  the  top  of  the  stack  the  pressure  is  the  same  as  the  atmospheric 
]iressure  at  that  paiticular  elevation;  this  pressure  is  always  lower 
than  that  at  the  base  of  the  stack. 

The  drop  of  gas  pressure  from  one  part  of  the  boiler  setting  to  an- 
other varies  as  some  power  of  the  resistance  to  the  flow  of  gases. 
Thus  a  great  drop  from  ash  pit  to  furnace  indicates  a  high  resistance  in 
the  fuel  bed,  and  a  great  drop  from  the  furnace  to  the  uptake  indicates 
a  high  resistance  to  the  flow  of  gases  through  the  boiler  proper.  This 
law,  which  in  some  respects  is  similar  to  Ohm's  law,  as  applied  to 
problems  involving  the  electrical  resistance  of  conductors,  may  be 
stated  as  follows: 

(a)  If  the  resistance  to  the  flow  of  gases  remains  constant  the  pres- 
sure drop  through  any  portion  of  the  path  of  the  gases  will  have  a 
constant  ratio  to  the  total  drop  from  the  ash  pit  to  the  uptake.  Thus, 
for  example,  if  the  pressure  drop  through  the  fuel  bed  is  0.50  inch  of 
water  when  the  total  drop  is  1 .0  inch,  it  will  be  1 .0  inch  if  the  total  drop 
be  increased  to  2.0  inches,  and  2.0  inches  if  the  total  drop  be  increased 
to  4.0  inches  of  water. 

{b)  If  the  total  pressure  drop  from  the  ash  pit  to  uptake  remains 
constant,  the  pressure  drop  through  any  portion  of  the  gas  path  will 
vary  in  the  same  direction  as  does  the  resistance  to  the  flow  of  gases, 
although  the  magnitudes  of  the  variations  may  not  be  in  simple  pro- 
portion. Suppose  the  total  pressure  drop  is  1 .0  inch  of  water,  and  the 
drop  through  the  fuel  bed  is  0.5  inch;  now,  if  the  total  drop  be  kept  the 
same  but  the  resistance  through  the  fuel  bed  be  increased  by  doubling 
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its  thickness,  the  pressure  (h'op  through  the  fuel  bed  will  increase  to 
about  0.65  inch  of  water;  or  if,  for  the  same  total  drop,  the  resistance 
of  the  fuel  bed  be  increased  b}'  quadrupling  the  thickness,  the  drop 
through  the  bed  will  increase  to  about  0.80  inch  of  water. 

(c)  When  the  resistance  through  any  portion  of  the  gas  path  re- 
mains constant  the  weight  of  gas  passing  through  this  portion  varies 
with  some  power  of  the  pressure  drop  through  this  portion.  Thus, 
since  the  resistance  of  that  portion  of  the  gas  path  from  over  the 
fuel  bed  to  the  uptake  is  ordinarily  very  nearly  constant,  the  weight 
of  gases  passing  through  the  furnace  and  boiler  varies  as  some  power 
of  the  pressure  drop  between  these  points.  Approximately  only,  the 
weight  of  gases  passing  through  the  boiler  is  directly  proportional  to 
the  square  root  of  the  pressure  drop  through  the  boiler  or  through 
any  other  portion  of  the  gas  path  having  constant  resistance. 

Of  the  above  three  statements,  only  the  one  under  a  is  exactly 
parallel  to  Ohm^s  law  of  the  drop  of  electrical  potential  through 
conductors  of  constant  resistances. 

The  relation  between  drops  of  pressure  and  the  resistance  to  the 
flow  of  gases  expressed  by  the  statement  under  h  is  similar  to  Ohm's 
law  only  in  the  direction  of  the  variation,  not  in  its  magnitude.  In 
Ohm's  law  the  relation  between  the  drop  of  potential  through  any 
portion  of  the  conductor  and  the  resistance  is  yqyj  simple;  that  is, 
the  drop  of  potential  is  directly  proportional  to  the  resistance.  In 
the  case  of  the  flow  of  gases,  however,  the  analogous  relation  between 
pressure  drop  and  resistance  seems  to  be  either  an  exponential  or  a 
logarithiTiic  function.  In  fact,  no  definite  relation  can  be  stated  at 
present  because  the  unit  of  resistance  is  not  clearly  defined. 

The  statement  under  c,  expressing  the  relation  between  the  pres- 
sure drop  and  the  weight  of  gas  passing  through  a  furnace  and  boiler, 
comes  closer  to  Ohm's  law  than  that  made  under  h.  If  the  exponent 
of  the  power  were  1.0  the  relation  would  reduce  to  Ohm's  law;  that 
is,  when  drop  of  pressure  is  considered  as  drop  of  potential  and 
the  weight  of  gases  flowing  per  second  as  the  current. 

The  preceding  statements  are  deductions  from  the  study  of  experi- 
mental results  obtained  on  large  boilers  and  on  small  laboratory 
apparatus;  the  details  of  the  results  are  given  in  succeeding  portions 
of  this  bulletin. 
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EXPERIMKNTS  BY  THE  GKOLOGICAL  SURVEY  AT  NORFOLK,  VA., 
ON  THE  PRESSURE  DROPS  OK  GASES  PASSING  THROUGH 
FURNACES. 

Ki^uros  2  to  5  an^  sul)niiM,o(l  ns  practicjiil  j)r()nf  of  ilnt  .stato-mont 
uiidor  a,  which  assorts  that  if  tho  rcsistaiico  to  tlici  flow  of  ^asc.s  re- 
mains constant  thi^  ])icssiir(^  (hop  throuj^h  any  portion  of  th(^  path  of 
tho  gasos  will  always  hoar  a  constant  ratio  to  tho  total  dnjp. 

Pressures  woro  takon  in  each  caso  almost  simultaneously  at  two 
or  more  points  in  tho  boiler  setting.     All  tho  obsei-vations  of  any  one 
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PRESSURE  IN   UPTAKE— INCHES  OF  WATER  BELOW  ATMOSPHERE. 

Fig.  2.— Pressure  drops  through  two  parts  of  boiler  equipment  No.  6  when  total  drop  from  a^h  pit  to  uptake 
is  varied  and  the  resistances  to  the  flow  of  gas  are  kept  constant.  The  upper  curve  gives  the  relation 
between  the  pressure  drop  from  ash  pit  to  combustion  chamber  and  the  total  pressure  drop  from  ash  pit 
to  uptake.  The  lower  curve  gives  the  relation  between  the  pressure  drop  through  grate  and  fuel  bed  and 
the  total  drop  from  ash  pit  to  uptake. 

figure  were  taken  in  a  total  time  of  only  a  few  minutes,  so  that  the 
resistance  of  the  fuel  bed  remained  substantially  constant.  The 
resistance  to  the  flow  of  gases  through  any  boiler  is  probably  very 
closely  constant  at  all  times;  also,  owing  to  the  shortness  of  the  time 
occupied  in  taking  any  one  set  of  readings,  the  fuel  bed  remained 
very  closely  of  the  same  temperature  and  mechanical  porosity.  It 
is  especially  worthy  of  note  that  the  circumstances  of  the  fuel  bed 
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Ix'ing  liot  i\U(\  the  gases  of  varying  tciupci-aturc  at  diflVrent  times  and 
at  cliflerent  points  did  not  curve  any  of  the  lines;  the  fact  that  they 
were  not  curved  is  exphcable  if  we  consider  that  the  intrinsic  resist- 
ance of  the  fuel  bed  is  probably  a  function  only  of  the  size  and  shape 
of  the  air  passages  through  it.  It  must  be  constantly  borne  in  mind, 
however,  that  tlie  amount  of  air  passing  through  an  opening  under  the 
same  pressure  difference  is  greatly  affected  by  the  temperature  of 
the  air. 

Tables  1,  2,  3,  and  4  contain  the  original  data  and  computations 
thereon  from  which  were  platted  figures  2,  S,  4,  and  5,  respectively. 
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Fig.  3.— Pressure  drops  through  two  parts  of  boiler  equipment  No.  6  when  the  total  drop  is  varied  and 
the  resistances  to  the  flow  of  gas  are  kept  constant.  Curve  No.  1  gives  the  ratio  of  the  pressure  drop 
through  the  boiler  (from  over  fuel  bed  to  uptake)  to  the  total  pressure  drop  from  ash  pit  to  uptake. 
Curve  No.  2  gives  the  ratio  of  the  pressure  drop  through  the  grate  and  fuel  bed  to  the  total  drop  from  ash 
pit  to  uptake.  Curve  No.  3  shows  the  relation  between  t  he  pressure  drop  through  grate  and  fuel  bed  and 
the  total  pressure  drop  from  ashpit  to  uptake. 

It  will  be  noticed  that  the  hnes  usually  do  not  go  through  zero,  wliich 
is  because  the  ''draft"  gages  were  not  absolutely  correct;  but  the 
errors  are  very  smalL 

The  data  given  in  Table  1  and  plotted  in  figure  2  were  obtained  on 
boiler  outfit  No.  6,  which  consisted  of  a  hand-fired  Heine  boiler  oper- 
ated at  the  time  with  an  exhaust  fan.     Among  the  tubes  of  this 


r.xiM:iiiMKN'rs  at  Noiiroi.K,  va. 
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boiler  had  \>vv]\  insciU'd  one  Ixn  i/,(»iil  nl  Imlllr  in  siicli  n  |K)sifi()ii  ji  s  fo 
cauH(^  Hid  jxascs  lo  Inivrl  InrwiiKl  jinioii;^  the  Inwj'i  1  \\n-(  liir<h  of"  the 
tiilx's  ])ii(l  hac-kvvaid  anions  llic  iipjxM*  oiic-lliird  l«»  lli«'  j*oinl  ofcxif. 
The  lioatiii^'  siii'I'jkm*.  of  Ihr  (hiini  was  oiiiil(<'«|. 

Tahlk  1. — Data  oUUiinol  Sr/t/niilxr  .!(),   I'.K)] ,  on  Ixiihr  No.  fi  hi/  ojtniiiif/  ami  cUminy 
more  or  hss  tlir  (hntipirjiist  hnjoiKl  llw  iijitahe  in  front  of  Ihr  r.rhniiHtJun. 

[l'ros.siiro  ill  asli  \A[  iiliiiu.s|)li(>rlr.     All  pres-siirrs  an-  cxprojwo*!  in  (Minlviil^'nts  of  inrhfs  of  wuUt.] 
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Prossiiro 
J)clo\v  ul- 
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In  iiptiiko. 

I*ros.snro 
lielow  111' 
niosplicm 
over  fuel 
bed. 

Prossuro 

l)ol()\v  al- 
inosi»lier(i 
ill  roar  of 
coinlxis- 

tlon 
c-liuniber. 

Pressure 
Ix'low  at- 
niosphf'ro 
III  iijitiike. 

0.  IC) 
.  17 
.10 
.142 

.  \:a 

.094 

.055 

.042 

.18 

.18 

.16 

.154 

.1.55 

.105 

.094 

0.8 
.8 
.7(5 
.(i8 
1 7 
.43 
.2f. 
.21 
.83 
.82 
.73 
.72 
.71 
.76 
.43 

!.07 

1.07 

1.02 

.90 

.92 

.48 

.22 

.14 

1.11 

1.10 

.95 

.94 

.92 

.99 

.49 

0.ft54 
.0-18 
.037 
.178 
.178 
.17 
.172 
.168 
.17 
.029 
.067 
.102 
.142 
.159 
.182 

0.25 
.24 
.17 
.79 
.79 
.78 
.79 
.78 
.72 
.13 
.29 
.45 
.61 
.68 
.79 

0.21 

_  2 

.11 
1.06 

i.a5 

1.04 

l.tt-i 

l.W 

.92 

.04 

.27 

.51 

.  77 

.88 

1.06 

Note. — The  pressures  (drafts)  given  in  lliis  table  are  not  quite  correet,  because  the  gages  were  not  accu 
rate.  Therefore  the  ratio  of  colunni  2  to  cohuun  3,  for  instance,  is  not  constant,  as  it  should  be,  especially 
where  the  pressures  are  low.    For  a  corrected  set  of  readings  on  the  same  boiler  outfit  see  Table  2. 

The  pressures  platted  in  figure  2  as  abscissse  were  taken  about 
2  feet  in  front  of  the  damper  located  near  the  entrance  of  the  gases 
into  the  fan.  The  ash-pit  doors  were  open  to  the  atmosphere.  The 
scales  at  the  left-hand  side  of  the  figure  and  along  the  bottom  are 
correctly  named  as  pressures  and  not  as  ^'drafts;"  the  coordinates 
are  expressed  in  inches  of  water  below  atmospheric  pressure. 

The  variations  in  the  gas  pressure  in  the  uptake  were  obtained 
by  partially  opening  and  closing  the  damper  located  between  the 
uptake  and  the  exhaust  fan.  Readings  of  pressures  at  different 
points  were  taken  in  rapid  succession  immediatel}"  after  each  change 
of  the  damper  position.  The  figure  shows  that  the  points  fall  along 
straight  lines  as  closely  as  the  instruments  could  be  read.  The  two 
curves  indicate  that  the  pressure  drops  at  the  three  places  bear  a 
constant  relation  to  one  another.  This  constant  relation  follows 
because  the  ratios  of  the  resistances  are  constant. 

The  data  given  in  Table  2  (p.  18)  and  platted  in  figure  3  were  taken 
on  the  same  outfit  as  the  data  for  figure  2 ;  the  gas  pressures  were  varied 
in  the  same  manner.     It  will  be  noticed  that  the  slopes  of  the  lower 
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line  of  %ure  2  and  of  curve  8  of  fif^ure  3  are  very  nearly  the  same, 
whence  the  deduction  may  be  made  that  the  fuel  beds  in  the  two 
cases  were  of  very  nearly  the  same  resistance  to  the  passage  of  air. 
Curve  1  of  fi<2jur(^  .3  <^ives  the  ratio  of  the  pressure  drop  through  the 
boiler  (that  is,  from  ''over  fuel  bed"  to  ''uptake")  to  the  total 
pressu^(^  drop  from  the  ash  pit  to  the  uptake;  curve  2  gives  the  ratio 
of  the  drop  of  pressure  through  the  grate  and  fuel  bed  to  the  total 
pressure  drop  from  the  ash  pit  to  the  uptake.  These  curves  were 
obtained  by  platting  from  Table  2  the  values  of  columns  7  and  8, 
respectively,  as  ordinates  and  of  column  1   as  abscissae.     Columns 
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PRESSURE  IN  ASH   PIT  MINUS  PRESSURE  IN   UPTAKE. 

Fig.  4.— Pressiire  drops  ttiroiigh  boiler  equipment  No.  5.    Drop  from  ash  pit  to  uptake  varied.    Heine 

boiler  with  standard  baffling  and  underfeed  stoker. 

7  and  8  were  calculated  from  the  corrected  pressures  over  fuel  bed 
given  in  column  5,  which  latter  are  0.016  lower  than  the  observed 
values  given  in  column  2.  The  amount  of  the  correction  was  deter- 
mined by  prolonging  curve  3  of  figure  3  to  the  line  of  zero  pressure 
in  the  uptake ;  at  this  line  the  corresponding  pressure  drop  from  ash 
pit  to  over  fuel  bed  should  be  also  zero;  therefore  the  indicated 
(incorrect)  t)ressure  above  the  fuel  bed  at  the  line  of  zero  pressure 
in  the  uptake  was  applied  as  a  correction  to  all  the  observed  readings 
of  pressure  over  the  fuel  bed.     It  is  noticeable  that  the  ratios  given 
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in  c-oliinniM  7  and  S  urr  miidi  inoic  iinifofin  llmii  fliosn  j^iviMi  in 
colmiiu  1;  I  lie  Inllrr  hcin;^  fi;^iin'(l  liom  the  unnmocXiH]  prrshunis 
of  column  'J.  IIo\v('V(U*,  holli  Ihc  corn'clrd  mid  (lie  iincorn'ctcd 
fi^nrrs  show  tliat  tlio  nilio  of  Uic,  droj)  1  Immt^di  llic  l»oil<r  lo  flic  total 


2.2 


2/4 


.6  .a  1.0  1.2  1.4  \Jo  1.8  2.0 

PRESSURE  IN  ASH  PIT  MINUS  PRESSURE  IN  UPTAKE. 
Fig.  5.— Pressure  drops  through  boiler  equipment  No.  7.    Drop  from  ash  pit  to  uptake  varied.    Babcock 
it  Wilcox  boiler,  semimarine  type,  equipped  with  front  overfeed  stoker. 

drop  throiio-h  fuel  bed,  combustion  chamber,  and  boiler  is  constant. 
The  same  constancy  pertains  to  the  ratio  of  the  drop  of  pressure 
through  the  fuel  bed  to  the  total  drop.  Both  curve  1  and  curve  2 
signify  that  the  ratio  of  pressure  drops  is  constant  when  the  respec- 
tive resistances  remain  constant. 

99490°— Bull.  21—11 ^3 
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Table  2. — Experiment  made  September  28,  1907,  on  boiler  No.  f>  to  determine  the  ratio 
of  the  pressure  drop  through  the  boiler  (that  is,  from  top  of  fuel  bed  to  uptake)  to  the 
total  pressure  drop  from  the  ash  pit  to  the  uptake. 

(All  pressures  arc  stated  in  equivalents  of  Inches  of  water.] 


Pressure 
in  uptake 
below  at- 

Pressure 
over  fuel 

Drop  of 

pressure 

Ratio  of 

bed  below 

from  over 

column 3  to 

atmos- 

fuel bed 

column  1. 

mosphere. 

phere. 

to  uptake. 

1 

2 

8 

4 

0.70 

0.12 

0..58 

0.828 

..% 

.10 

.46 

.822 

.36 

.07 

.29 

.806 

.15 

.04 

.11- 

.734 

.14 

.03 

.11 

.786 

.71 

.11 

.60 

.845 

.77 

.13 

.64 

.832 

.79 

.13 

.66 

.836 

.85 

.135 

.715 

.842 

.94 

.145 

.795 

.846 

.21 

.05 

.16 

.762 

.14 

.035 

.105 

.750 

.68 

.115 

.565 

.832 

.79 

.13 

.66 

.836 

.88 

.14 

.74 

.841 

.90 

.15 

.75 

.834 

.92 

.15 

.77 

.837 

.82 

.135 

,68.5 

.836 

.62 

.11 

.51 

.823 

.27 

.055 

.215 

.796 

.17 

.040 

.13 

.765 

.88 

.14 

.74 

.841 

.29 

.05 

.24 

.828 

.30 

.055 

.245 

.817 

.12 

.034 

,086 

.716 

.74 

=  115 

.625 

.845 

.94 

.114 

,796 

.847 

.42 

.07 

.35 

.834 

.42 

.08 

.34 

810 

.11 

.034 

.076 

.691 

.64 

.105 

.535 

.836 

.90 

,140 

.76 

.844 

.83 

.133 

.697 

.840. 

.65 

.110 

.540 

.831 

.14 

.030 

.11 

.786 

.090 

.030 

.06 

.667 

.53 

.110 

.42 

.792 

.86 

.150 

.71 

.825 

Corrected 
pressure 
over  fuel 
bed  below 
atmos- 
phere. 


Column  1 

minus 
column  5. 


0.104 
.084 
.054 
.024 
.014 
.094 
.114 
.114 
.119 
.129 
.034 
.019 
.099 
.114 
.124 
.134 
.134 
.119 
.094 
.039 
.024 
.124 
.034 
.039 
.018 
.099 
.128 
.054 
.064 
.018 
.089 
.124 
.117 
.094 
.014 
.014 
.094 
.134 


0..596 
.476 
.306 
.126 
.126 
.616 
.656 
.676 
.731 
.811 
.176 
.121 
.  .581 
.676 
.756 
.766 
.786 
.701 
.526 
.231 
.146 
.756 
.2.56 
.261 
.102 
.641 
.812 
.366 
.356 
.092 
..551 
.776 
.713 
..556 
.126 
.076 
.436 
.726 


Ratio  of 

Ratio  of 

column  6  to 

column  5  to 

column  1. 

column  1. 

7 

8 

0.852 

0.148 

.851 

.149 

.8.50 

.1.50 

.840 

.160 

.900 

.100 

.868 

.132 

.8.52 

.148 

.856 

.144 

.860 

.140 

.862 

.138 

.839 

.161 

.865 

.135 

.855 

.145 

.8.56 

.144 

.8-59 

.141 

.8.51 

.149 

.8.54 

.146 

.8.55 

.145 

.849 

.151 

.85.5 

.14.5 

.8.59 

.141 

.8.59 

.141 

.883 

.117 

.870 

.130 

.a50 

.150 

.866 

.134 

.864 

.136 

.872 

.128 

.848 

.1.52 

.836 

.164 

.861 

.139 

.862 

.138 

.8.59 

.141 

.8.56 

,  144 

.900 

.100 

.845 

.1.5.5 

.823 

.177 

.844 

.156 

The  data  given  in  Table  3  and  platted  in  figure  4  were  obtained  on  a 
Heine  boiler  equipped  with  a  Jones  underfeed  stoker;  the  boiler  was 
baffled  in  the  standard  Heine  fashion  (unlike  the  Heine  boiler  from 
which  were  obtained  the  data  for  figs.  2  and  3).  The  table  is  divided 
into  two  parts.  Part  1  was  obtained  by  keeping  the  air  pressure  in 
the  ash  pit  as  nearly  constant  as  feasible  and  varying  the  pressure 
(below  atmospheric)  in  the  uptake;  part  2  was  obtained  by  keeping 
the  pressure  in  the  uptake  as  nearly  constant  as  feasible  and  varying 
the  pressure  in  the  ash  pit.  All  observations  are  arranged  in  chrono- 
logical order. 

On  inspecting  figure  4  it  will  be  noticed  immediately  that  the  total 
pressure  drop  from  ash  pit  to  uptake  was  only  a  little  greater  than  the 
pressure  drop  from  the  ash  pit  to  the  space  just  over  the  fuel  bed. 
For  instance,  when  the  total  pressure  drop  was  3.60  inches  of  water 
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l\\i^  (lioj)  llir()u;^li  lll«^  lu\o^(^s  and  lin'i  l><'<l  wji.s  immuIv  .'^r>()  inclirs, 
wliicli  1(^11  only  a  littli^  iiiorc^  (iian  0.1  iiicli  iln>|>  tlirou^li  tlin  lioiicr. 
This  latter  lij^uni  was  found  lo  Ix'  sii})8tau(ially  roin'rl.  The  (Irop 
of  pressure  (hrou;^di  I  he  I  u  ye  res  uloiic  is  Heveral  linjes  ihul  through 
the  boih'i',  and  (his  pressure  (and  fan  wmk)  uie  useh'ssly  ahsoilxwl 
unl(\ss  it  be  (he  ease  (hat  with  some  coals  (he  hij^h  veh)ei(y  of  the. 
ail"  leavin«j^  (lie  (uyeres  servcvs  (o  keep  (hem  clcui-  nf  (  lirdsci-  and  ash. 

Tami,!';  '.\.       I'll  jK  rinunl  iiiiidr  Oilnhir  Hi,   fun,  on  hoihr  \(t.  .». 

[\'mI  1  wius  ()l)talii*<<l  Ity  varyiiiK  llx^  )>n\s.siiri*  In  IIk'  ii|)tiiki-  wlilli'  llntl  in  llm  ash  pit  WiLS  ki-|»t  ronnlar\t; 
pint  2,  by  viirylnK  tlin  jtnvisurr  In  tlunush  pit  wlilh-  llial  In  (lir  iiplakr.  was  k«'pt  roriHUmt.  \ll  pnuwurofl 
sliilod  In'oqulvaloiitM  ui  liiuUus  of  wulur.J 


I'ait  1. 

rart2. 

rr«'.s.siiro 
above 
atmos- 
phere in 
iush  pit 
(bhuit). 

Pressure 
lu'low 

atnios- 
phen^ 
over 

fuel  beil 

(draft). 

I'res- 

siire 
below 
atino.s- 
pheri" 
in  iip- 

Uiko 
(draft). 

rressiin> 

drop 

throuKh 

Kral<'  an<l 

fuel  l)<>d 

e<|nals 

coliiniii  1 

plus 
column  2. 

I're.ssiiro 

drop 
(hrou^'h 

KHite, 
fuel  bed,  ; 
and  boil- 
er e(pials 
eolunui  1 

plus 
column  3. 

I'res.sure 
above 
atmos- 
I)here  in 
ash  pit 
(blast). 

l're.ssiire 

below 

atmos- 

phen- 

over 

fuel  IhmI 

(draft). 

I'res- 
.sure 
below 
atmos- 
phere 
In  up- 
taKe 
(draft;. 

Prcssuro 

drop 
throuiih 
urate  ami 
fuel  \h"\ 
eciiials 
eolumn  1 

plus 
colunui  2. 

1'rns.siim 

<lrop 
throuKh 

fuel  iK^d, 
and  boil- 
er equals 
eolumn  1 

plus 
column  3. 

1 

1.5 
1.7 
1.9 
2.2 
2.2 
2.3 
2.3 

k> 

a 

4 

5 

1 

2 

8 

4 

5 

0.45 
.29 

-.04 
.00 
.32 
.39 
.43 

0.50 
.34 
.05 

-.02 
.38 
.46 
.52 

1.95 
1.99 
1.86 
2.20 
2.52 
2.  ()9 
2.73 



2.00 

2.04 

1.95     1 

2.18 

2.58 

2.76 

2.82 

1 



0.9 
.9 
.7 
.4 

0.49 
.51 
.52 
.53 

0.54 
.55 
.54 
.55 

1.39 

1.41 

1.22 

.93 

1.44 

1   45 

1.24 

.95 

.5 

.5 

.45 

.42 

.35 
.01 
.39 
.53 

.34 

-.05 

.36 

.54 

.85 
.51 
.84 
.95 

.84 
.45 
.81 
.96 

.9 

.9 

1.35 
1.35 
1.85 
1.85 
3.5 

.51 
.50 

..50 
.49 
.46 
.47 
.38 

.54 
.5;i 
.54 
.5.3 
.53 
.53 
.52 

1.41 
1.40 
1.85 
1.84 
2.31 
2.32 
3.88 

1.44 
1.43 
1.89    ; 
1.88     i 
2.38     i 
2.38 
4.02 



3.5 
3.5 
3.44 
3.4 

.11 

-.04 

.32 

.30 

.18 

-.03 

.44 

.43 

3.61 
3.46 
3.76 
3.70 

3.68 
3.47 
3.88    i 
3.83 

3.45 

1.68 

1.60 

1.45 

1.25 

1.1 

2.0 

.9 

.8 

.8 

.39 
.48 
.47 
.51 
.51 
.52 
.52 
.52 
.53 
.54 

.53 
.55 
.54 
65 
.55 
.56 
.55 
.55 
.56 
.56 

3.84 
2.16 
2.07 
1.96 
1.76 
1.62 
2.52 
1.42 
1.33 
1.34 

3.98 
2.23 
2.14 
2.00 
1.80 
1.66 
2.55 
1.45 
1.36 
1.36 

1 

1 

1 

The  data  given  in  Table  4  and  platted  in  figure  5  were  taken  on  a 
Babeock  &  Wilcox  boiler  of  the  semi  marine  type,  equipped  with  a 
Roney  stoker,  the  whole  apparatus  l)eing  designated  No.  7  in  the 


20 


DRAFTS    IN    STEAM-BOn>r,K    I'n\(    TICK. 


(icolof^ical  vSiirvey  plant.  At  tlie  time  of  llie  experiinoiit  the  boiler 
was  bein*^  operated  with  two  fans,  an  exhaust  fan  located  between 
the  uptake  and  the  stack  and  a  pressure  fan  forcinj^j  air  into  the  ash 
pit.  The  chanj]^es  in  uptake  pressure  were  obtained  by  opening  and 
closinj^  more  or  less  the  damper  between  the  uptake  and  the  exhaust 


0 


ATMOSPHERIC 


PRESSURl 


LINE 


D" 


LENGTH  OF  GAS  PASSAGE. 


Fig.  6.— Pressure  drops  through  a  hypothetical  boiler  and  equipment.  Thearrows  represent  directionsof 
flow  of  gases.  Line  ABODE  represents  pressure  drops  through  the  equipment  when  a  fan  is  used  to 
raise  the  pressure  in  the  ash  pit.  Line  A'B 'CD E  represents  the  pressure  drops  t  hrough  the  equipment 
with  the  same  fan  running  so  as  to  give  onlj-  half  the  pressure.  Line  OB"C"D"DE  represents  the 
pressure  drop  through  the  i>quipmcnt  when  an  exhaust  fan  is  used  to  reduce  the  pressure  in  the  uptake 
by  an  amount  equal  to  D"D,  the  ash  pit  being  open  to  the  atmosphere.  Line  A'FGUDE  represents 
the  pressure  drop  through  the  equipment  when  l)Oth  pressure  and  exhaust  fans  arc  used,  but  run  with 
lialf  Ihe  respective  pressure  effects  of  the  first  and  third  cases  above.  Line  A"'B"'C"D  represents 
what  would  be  the  pressure  drop  through  the  equipment  if  the  exhaust  fan  of  the  third  case  above 
were  connected  to  the  ash  pit  and  the  uptake  opened  to  the  atmosi>heric  pressure. 

fan.  For  certain  reasons  only  a  small  range  could  be  covered  that 
day,  but  the  points  He  as  closely  as  could  be  expected  along  a  straight 
line  passing  nearly  through  zero. 

After  studjang  the  four  charts  just  discussed  it  must  be  admitted 
that  such  a  law  as  stated  under  a  (p.  9)  does  exist;  that  is,  with 
constant  resistance  the  pressure  drops  through  any  two  portions  of 
the  path  of  gas  flow  bear  a  constant  ratio  to  one  another. 
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Wo  iniiA  ,  1  hell,  (li  ii,\\  1  lie  <li>i.;^iiiiii  <»f  li^iin^  0.  I  A'i  1  hf  lonj^l  Ijh  of  tlin 
<4as  piissiij^cK  hr  icprrscniril  jil<»ii^  iIm'  line  Ol'^  luid  llic.  j^iis  pri'HHun'H 
)ii  \aii<Mis  |)la< cs  hy  |)(M|)<'ii(liciiljir  disl jinccs  from  IIiIh  linr.  Vtvs- 
surcs  jihovc  al  in<>s|)li<Mi<'  aw  shown  iihovc;  OK  and  |Ii<)h<'  holow 
al  mos|)l'"i'i('  hclow  il.  'Plic  lii^dicsf  line,  AIU'DK,  rcprcHcntH  \\\o 
(li'op  ill  ^as  prcssiiic  llnoii^h  a  fiU'l  bed,  combii.stion  rliaiiilHT,  and 
hoilci-,  when  llu*  pi(\ssiin>  in  llic  ash  ])it  is  above,  that  of  th<'  atrnofi- 
plHM-<»  (hal  is,  ^vh(Ml,  as  is  coninionly  said,  "forced  (haft"  is  used. 
The  points  B,  (',  and  D  represent  the  <^iis  |)r(^ssures  at  the  various 
parts  of  lh(»  e(pnj)nien(,  as  incheatcd  in  the  ii<^ure.  Now,  suppose 
the  blower  be  slowed  down  so  as  to  j^ive  half  the  preasure  in  lh(^  ash 
[)it,  the  condition  of  the  fuel  bc^d  renniinin^j;  the  same.  Then,  ju'cord- 
in;j:  to  (i<^ur(\s  2  to  f),  the  pressures  al  all  other  ])oints  will  be  exactly 
halved.     'I'his  case  is  re])resent(Ml  by  the  line  A'lVC'DE. 

If  the  boiler  and  furnace  are  operated  with  an  exhaust  fan  wlucli 
lowei's  the  pressure  in  the  uptake  by  the  same  amount  as  the  pres- 
sure fan  in  the  first  cavse  raises  the  pressure  in  the  ash  pit,  then  in 
the  (Hatj^ram  ])J)''  ecpials  OA,  and  the  ])ressure  drop  throu<^h  the 
boiler  settin*;  is  represented  ])y  the  hue  OIVC'iy'DE,  of  whicli  the 
part  OB'^CD''  is  exactly  ])arallel  to  line  ABCD,  when  j)ostulating 
that  the  total  pressure^  (hop  and  the  respective  resistances  are  the 
same  in  the  third  case  as  in  the  first. 


Taih.e  a.  — Data  obtained  October  2,  1907,  on  boiler  Xo.  7,  by  opening  and  cloning  mon 
or  less  the  damper  between  the  uptake  and  the  exhaust  fan. 

[The  pressure  fan  which  fed  the  air  to  the  ash  pit  was  not  manipulated.    All  pressures  are  given  in 

equivalents  of  inches  of  water.] 


Absolute  pressure 

A])solute  pressure 

in  ash  pit  minus 

in  ash  pit  minus 

absolute     pres- 

at)solute    pres- 

Pressure in 

sure  in  combus- 

sure in   uptake 

Pressure  in 

rear  of  com- 

Pressure in 

tion      chamber 

(that    is,    total 

ash  pit  above 

bustion  cham- 

uptake below 

(that  is,  pressure 

pressure      drop 

atmosphere 

ber  below 

atmosphere 

drop       through 

through    grate, 

(l)last). 

atmosphere 
(draft). 

(draft). 

grate,  fuel  bed, 

fuel    bed,   com- 

and combustion 

bustion    cham- 

chamber) equals 

ber,  and  boiler) 

column    1   plus 

equals  column  1 

column  2. 

plus  column  3. 

1 

2 

3 

4 

5 

0.23 

1.23 

1.93 

1.46 

2.16 

.24 

1.22 

1.95 

1.46 

2.19 

.268 

.94 

1.54 

1.208 

1.808 

.255 

.96 

1.55 

1.215 

1.805 

.24 

1.20 

1.92 

1.44 

2.16 

.278 

1.02 

1.63 

1.298 

1.908 

.242 

1.17 

1.87 

1.412 

2.112 

.21 

1.20 

1.92 

1.41 

2.13 

.265 

.87 

1.38 

1.135 

1.645 

.205 

1.04 

1.67 

1. 245 

1.875 

.20 

1.24 

2.02 

1.44 

2.22 
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Line  A'FGIIDE  ro[)rcsonts  the  gas  pressure  (liop  when  both  the 
exhaust  and  pressure  fans  are  used,  but  run  at  sueh  slower  speeds  as 
to  give  about  half  the  j)ressures  of  the  first  and  third  eases  above. 

The  line  DCB'^A'"  is  added  to  show  what  the  gas  pressures 
would  be  if  the  exhaust  fan  of  the  third  case  were  connected  to  the 
ash  pit  and  the  uptake  were  opened  to  the  atmosphere.  Then  (with 
the  furnace  fire  doors  closed)  the  three  points  A'" ,  W\  and  V"  would 
lie  exactly  as  far  below  the  atmospheric  line  as  tlie  corresponding 
points  A,  B,  and  C  lie  above  it. 

Figure  6  emphasizes  the  fact  that  there  is  no  real  difference  between 
the  so-called  forced  and  induced  "drafts,"  provided  setting  walls, 
doors,  etc.,  are  perfectly  tight.  Under  such  conditions  ''forced 
draft"  does  not  crowed  hot  gases  into  far  comers,  nor  does  "induced 
draft"  "suck"  or  "pull"  gases  out  of  them.  The  volumetric  per- 
centage of  "dead"  comers  is  exactly  the  same  in  either  case,  pro- 
vided there  are  no  leaks  in  or  out.  "With  gases  there  is  no  puUing, 
only  pushing,"  is  a  very  truthful  phrase.  Gases  always  flow^  from  a 
space  of  higher  pressure  to  one  of  lower  pressure,  so  that  their  abso- 
lute pressure  entering  a  boiler  must  be  greater  than  their  absolute 
pressure  leaving  it.  It  does  not  matter  whether  the  difference  is 
obtained  by  raising  the  pressure  in  the  ash  pit  above  that  of  the 
atmosphere  by  the  use  of  a  pressure  fan  or  by  reducing  the  pressure 
in  the  uptake  below  that  of  the  atmosphere  by  the  use  of  an  exhaust 
fan.  So  long  as  the  differences  of  pressures  at  the  two  places  are 
the  same  the  velocities  and  the  paths  of  the  gases  will  be  very  nearly 
the  same,  inasmuch  as  under  the  low  pressure  differences  ordinarily 
used  the  densities  of  the  gases  under  the  two  circumstances  are  very 
nearly  the  same.  To  say  that  a  chimney  or  exhaust  fan  sucks  or 
pulls  the  gases  through  a  boiler  is  as  reasonable  as  to  say  that  the 
condenser  of  a  condensing  engine  sucks  the  piston  during  the  latter 
part  of  the  stroke. 

LABORATORY  EXPERIMENTS  RELATIVE  TO  THE  FLOW  OF  GASES 

THROUGH   BOILERS. 

In  the  pressure-drop  experiments  made  on  large  boilers,  the 
results  of  which  are  platted  in  figures  2  to  5,  the  resistances  to  the 
flow  of  gases  were  kept  as  nearly  constant  as  possible,  and  only  the 
total  pressure  drops  were  varied.  It  was  desirable  to  make  experi- 
ments in  w^hich  the  resistance  could  be  varied  so  as  to  obtain  data 
on  which  to  base  the  study  of  the  influence  of  the  resistance  on  the 
pressure  drop  and  on  the  weight  of  gases  flowing  through  a  boiler. 
To  make  such  experiments  on  large  boilers  would  not  only  be  very 
expensive,  but  also  inaccurate,  because  on  such  a  large  apparatus 
it  would  be  diflficult  to  control  the  conditions  so  as  to  have  only  one 
or  two  varying  quantities  wdiile  holding  all  the  rest  fixed.     Those  who 
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liavo  rvor  tri<ul  fo^^^f.  even  rcIalivM^  li^uicsoii  tln^  resist  antuw  of  hot  coal 
btMis,  or  who  hav(^  aM('ni|)((Ml  fo  incasuro  the  woi^ht  of  ^asos  flowing; 
tliroii^h  n  hoilor,  will  rcjih/c^  how  (Mni(!iilf ,  not  to  say  hopelosH,  a  task 
it  would  \h^  (o  nuikc  such  cxpcrirucnls  on  a  larf^o  hoih^.  For  thcs^j 
rcMisoiis  i(  was  (h»('i(hM|  to  nuikc  Ihcvsc  ('XjH'riuicnts  on  a  sirrif)h^  hihora- 
tory  apparatus  specially  arranj^cMl  for  the  j)urpos(\ 

Tho  apparatus  is  shown  <lin<^niniFnatically  in  figure  7.  It  consists 
nuiinly  of  a  ^dnss  tuhc  which  rcpres(^nts  the  boiler  and  a  sheet-iron 
tank  used  for-  measurin<^  the  (piantity  of  nir.     The  <;hiss  tube  is  1  j } 


y 


REGULATING  PLUG   COCK 


WATER  SUPPLY 
AIR  PASSAGE. 


THERMOMETER- 


4 


UPPER  BED  OF  SHOT 
OF  C0N5TANT  THiCKNE 


< 

5 


LOWER  BED  OF  SHOT     _ 
OF  VARYING  THICKNESS 


GAGE  GLASS 


m 


Dt=^_, 


.>:.} 


MEASURING  TANK 


W////////M/////y//^^^^^^ 


Fio.  7.—  Apparrttu>  I'or  sni(l\  in.tr  (low  of  air  ilmiutrii  ht-dsof  ■<\\i}\. 


REGULATING  VALVE 
FOR  EMPTYING  TANK 


inches  in  internal  diameter  and  26  inches  long.  It  is  connected  to 
the  measuring  tank  with  an  iron  pipe,  and  the  pipe  is  hermetically 
sealed  into  the  neck  of  the  tank.  The  resistances  of  the  fuel  bed  and 
of  the  boiler  proper  are  represented  by  beds  of  shot  placed  in  the  tube, 
on  coarse  wire  screens.  Shot  was  selected  for  this  purpose  because 
of  its  regularity  and  uniformity  of  size  and  the  comparative  ease 
with  which  the  aggregation  of  the  spheroids  ^vith  respect  to  one 
another  can  be  reproduced.  This  latter  is  a  very  important  matter, 
as  will  be  shown  later. 
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Air  was  made  to  flow  through  the  glass  tube  containing  the  two 
shot  beds  by  fdling  and  emptying  the  measuring  tank  with  water, 
taken  from  the  water-supply  main,  the  latter  supplying  water  under 
a  pressure  of  about  35  pounds  to  the  square  inch.  When  filling  the 
tank  the  flow  of  water  was  regulated  with  a  plug  cock  in  the  water- 
supply  pipe,  and  when  emptying  it  with  a  quick-opening  gate  valve 
at  the  bottom  of  the  tank;  both  of  the  valves  are  shown  in  the  figure. 
By  regulating  these  valves  the  flow  of  water  into  the  tank  and  from 
it  could  be  kept  uniform  The  pressures  above  each  shot  bed  were 
measured  by  U-tube  manometers  which  were  connected  to  the 
middle  and  to  the  upper  end  of  the  glass  tube.  A  thermometer  for 
determining  the  temperature  of  the  air  was  inserted  into  the  flowing 
stream  of  air  near  the  junction  of  the  glass  tube  with  the  iron  pipe; 
the  position  of  the  thermometer  is  shown  in  the  figure.  The  meas- 
uring tank  was  provided  with  a  gage  glass  so  that  the  amount  of 
water  in  the  tank  could  be  estimated  during  the  experiment.  The 
estimation  could  be  made  very  accurately,  especially  when  the  water 
level  reached  the  narrow^  neck  at  the  top  of  the  tank,  in  which  the 
water  displaced  was  1  pound  per  inch  of  height.  The  tank  held  636 
pounds  of  water  when  full;  the  volume  of  the  tank  was  10.20  cubic 
feet. 

Experiments  were  run  with  air  flowing  in  either  direction  through 
the  tube  and  beds  of  shot.  The  exact  time  of  starting  was  noted. 
During  the  experiment  one  observer  operated  the  proper  valve  so  as 
to  have  the  air  pressures,  indicated  by  the  two  manometers,  as  nearly 
constant  as  possible,  the  pressure  seldom  varying  as  much  as  10  per 
cent  from  the  average.  Another  observer  read  and  recorded  the  air 
pressures  and  temperature  as  often  as  was  convenient.  At  the  close 
of  the  experiment  the  exact  time  was  again  noted.  Thus,  knowing 
the  duration  of  the  test,  the  volume  of  air  displaced,  and  its  tempera- 
ture, the  rate  of  flow  of  air  for  each  difference  of  pressure  and  each 
thickness  of  shot  bed  could  be  computed. 

The  upper  bed  of  shot  was  kept  at  the  constant  thickness  of  0.875 
inch  in  all  experiments.  The  thickness  of  the  lower  bed  was  varied 
from  0.5  to  4.5  inches,  and  a  set  of  6  to  10  experiments  was  made  with 
each  thickness  for  each  of  the  two  sizes  of  shot,  the  experiments  of 
each  set  being  run  at  different  air  pressures.  Thus  the  experiments 
in  each  set  give  the  influence  of  air  pressure  on  the  flow  of  gas  through 
a  constant  bed  of  shot,  and  the  experiments  in  the  different  sets  give 
the  influence  of  the  thickness  and  the  relative  resistances  on  the 
rate  of  flow.  Two  sizes  of  shot  were  tried  in  tliis  manner,  so  as  to 
get  the  effect  of  the  diameter.  Several  sizes  should  have  been  used, 
but  more  time  was  not  available. 

In  all  125  reliable  tests  were  made.  The  first  74  were  made  with 
the  lower  bed  of  shot  of  commercial  size  No.  8^  which  were  on  the 
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avcniifc  nl)()ii(,  0. 01)7 1  inch  in  diuinctcr,  nnd  I  lie  lii>.l  .'^1  Ic-^ts  WMo 
mji(l(^  on  Ijir<^<u*  sliof ,  known  as  No.  4,  Inivin^^  an  avcrii^i^  dianietiM"  of 
O.IlT)  inch.  The  upjx'i'  shiiKhird  icsisl  .nice  heel  was  of  ihc  snuillcr 
shol    iind  of  Ihc  same  Ihickncss  in   all  cxpcnnicnts. 

Before  Ihc  I  LT)  I'chahh'  tests  were  inn  I  he  whole  NiM'ieH  had  heen 
e<)nij)h'((Ml,  hill  on  coin|)ari?i<^  the  worked-iij)  (hila  an  ineonsistencv 
was  (hseovered,  and  ihe  whoh'  s(Mies  was  rejecjcd  and  all  the  tests 
wei'e  rnn  ovei*.  While  Irving  lo  aceonnt  for  the  inconsistency  it  was 
recalled  thai  in  al  Icnipt  in<^  to  nndsc  the  ioucr  hc(|  of  shot  an  even 
rnind)er  of  inches  I  hick  in  some  cases  pail  of  the  shot  had  h^cn 
|)oni*e(I  ont  of  the  tnhe  when  the  layer  happened  lo  Ix'  a  little  too 
thick.  When  it  was  thon;^ht  enon;^h  shot  had  heen  reinovc^d  th(^  tuhe 
was  hron^hl  hack  into  the  vertical  |)^)sition  and  the  hed  leveled  and 
ineasni'(Ml.  This  process  was  icja'ated  nntil  the  shot  hed  was  of  the 
desired  thickness.  Tt  was  fonnd,  when  the  shot  hed  had  heen  thns 
adjusted  hy  pouring  shot  out  of  the  luhe,  Ihal  the  voids  amon<^  the 
shol  were  left  much  larger  and  thai  in  conse(picnc<' aii- passed  throuj^h 
much  more  easily  Ihan  wIkmi  the  shot  was  simply  j)oured  in  and  not 
(leran<^ed  by  pouiin*;  some  of  it  out.  '^Fests  52,  5.*^,  and  54  show  tlu; 
cU'ect  of  the  above-mentioned  deran<2;(Mnont :  in  those  experiments 
exactly  the  same  amount  of  shot  was  used  as  in  tests  44  to  51,  inclu- 
sive, but  the  aggregation  was  previously  loosened  by  bringing  the 
tube  into  a  liorizontal  j)ositi()n  as  if  to  remove  some  of  the  shot, 
whereas  in  the  regular  experiments  the  shot  was  pourcfj  into  the 
tube  while  holding  the  latter  in  a  vertical  position,  the  tube  being 
kept  vertical  w^ithout  jarring  nntil  the  series  of  tests  was  completed. 
It  will  be  seen  on  reference  to  the  table  that  the  derangement  of  the 
shot  as  described  caused  an  increase  of  three-sixteenths  of  an  inch  in  the 
thickness  of  the  bed,  making  the  depth  o.lS.S  inches;  it  will  also  be 
seen  that  for  the  same  pressure  drop  much  more  air  flowed  through 
the  thicker  (loosened)  bed  than  through  the  3-incli  bed. 

After  having  discovered  the  cause  and  the  effect  of  the  derange- 
ment all  the  experiments  w-ere  run  over,  great  care  being  taken  to 
pour  the  shot  into  the  tube  from  the  same  height  and  at  the  same 
rate.  In  case  too  much  shot  was  poured  in  the  first  time  it  was  all 
poured  out,  part  of  it  separated,  and  the  remainder  poured  back  in 
the  standard  way.  This  process  was  repeated  until  the  shot  bed 
was  of  the  desired  thickness.  The  beds  of  tests  1  to  125  inclusiye, 
except  tests  52,  53,  and  54,  were  prepared  in  this  way. 

Table  5  gives  the  data  and  computed  results  of  all  the  reliable 
tests  made  on  the  passage  of  air  through  beds  of  shot. 

Pressure  A  was  taken  above  the  upper  (standard)  bed,  and  pressure 
B  between  the  upper  and  lo\ver  beds.  Pressures  denoted  by  +  signs 
w^ere  obtained  when  air  was  forced  from  the  measuring  tank  through 
t\\v  apparatus,  and  pressures  denoted  b}"  —  signs  w  hen  air  was  flow- 
ing through  the  apparatus  into  the  tank. 
99490°— Bull.  21—11 4 
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Table  5, — Experiments  on  the  Jlow  of  air  Ihrouyh  two  consecutive  beds  of  shot. 

BOTH   BEDS  OF  SHOT    REMOVED,    LEAVING    ONLY    THE    SCREENS    AND    THEIR 

SUPPORTS. 


No. 

of 

test. 

I.«ngth 
of  test. 

Total 
air. 

Air  per 
min- 
ute. 

'I'CI.l- 

])era- 

ture  of 

air. 

Pres- 
sures 
-l-or- 

Pres- 
sure  A 
(over 
upper 
bed). 

Pres- 
sure B 

(be- 
tween 
Ijeds). 

Pres- 
sure A 
minus 

pres- 
sure B. 

Square 
root  of 
pres- 
sure A. 

Square 
root  of 
pres- 
sure B. 

Square 
root  of 

pres- 
sure A 
minus 

pres- 
sures. 

1 

Min. 
0.70 

Pounds. 
0.738 

Pounds. 
L054 

OK 

65 

4- 

Inches. 
0.19 

Inches. 
0.105 

0.085 

0.436 

0.324 

0.291 

LOWER  BED  0.5  INCH  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


2 

3.  533 

0.765 

0.2165 

64 

_. 

1.34 

0.53 

0.81 

1.157 

0.727 

0.90 

3 

3.  033 

.752 

.248 

64 

+ 

1.60 

.775 

.  825 

1. 2W) 

.880 

.907 

4 

1.967 

.741 

.377 

64 

-f- 

3.32 

1.49 

1.83 

1.82 

1.22 

1.352 

5 

1.  783 

.765 

.429 

65 

— 

4.68 

L90 

2.78 

2.16 

1.377 

1.666 

(i 

1.333 

.735 

..552 

65 

+ 

6.27 

2.73 

3.54 

2.  .502 

1.651 

L88 

/ 

1.3.33 

.765 

.  574 

65 

— 

7.10 

3.  10 

4.00 

2.763 

1.758 

2.00 

8 

.967 

.735 

.760 

65 

-1- 

10.97 

5.00 

5. 97 

3.31 

2.234 

2.442 

LOWER, BED  0.75  INCH  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


9 

3.  867 

0.  746 

0.193 

68 

+ 

1.41 

0.77 

0.64 

1.187 

0.877 

0.80 

10 

2.45 

.7578 

.309 

69 

— 

3.19 

1.51 

1.68 

1.785 

1.227 

1.295 

11 

1.917 

.746 

.389 

69 

+ 

4.51 

2.30 

2.21 

2.13 

1..52 

1.485 

12 

1.917 

.758 

.385 

69 

— 

5.05 

2.37 

2.68 

2.24 

1.54 

L636 

13 

1.45 

.739 

.510 

69 

+ 

7.23 

3.63 

3.60 

2.69 

1.90 

1.90 

14 

1.517 

.758 

.500 

73 

— 

8.47 

4.03 

4.44 

2.91 

2.01 

2.11 

15 

1.467 

.  758 

.517 

74 

— 

8.56 

4.06 

4.50 

2.92 

2.01 

2.12 

16 

4.617 

.758 

.164 

74 

_ 

1.12 

..53 

.59 

1.06 

.73 

.769 

17 

1.167 

.740 

.634 

74 

4- 

10.97 

5.47 

5.50 

3.32 

2.34 

2.34 

18 

1.10 

.7275 

.661 

70 

+ 

n.65 

5.95 

5.70 

3.41 

2.44 

2.38 

LOWER  BED  1.125  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


19 

4.533 

0.758 

0.167 

74 

1.43 

0.80 

0.63 

1.195 

0.893 

0.793 

20 

3.133 

.752 

.240 

74 

+ 

2.52 

1.53 

.99 

1.587 

1.2.37 

.994 

21 

2.333 

.740 

.3175 

72 

4- 

3.79 

2.24 

1.55 

1.945 

1.497 

1.243 

22 

2.250 

.758 

.337 

73 

_ 

4.64 

2.59 

2.05 

2.15 

1.61 

1.43 

23 

1.833 

.746 

.407 

73 

4- 

6.50 

3.81 

2.69 

2.546 

1.950 

1.638 

24 

1.700 

.758 

.446 

73 

7.61 

4.51 

3.10 

2.756 

2.122 

1.758 

25 

1.550 

.758 

.489 

73 

— 

9.17 

5.46 

3.71 

2.680 

2.  335 

1.924 

26 

1.250 

.728 

.582 

71 

4- 

11.80 

7.05 

4.75 

3.  432 

2.653 

2. 175 

LOWER  BED  1.50  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


27 

5.450 

0.  7515 

0.138 

70 

+ 

1.36 

0.91 

0.45 

1.165 

0.953 

0.670 

28 

4.400 

.758 

.172 

70 

— 

1.86 

1.18 

.68 

L363 

1. 086 

.825 

29 

2.950 

.746 

.253 

69 

+ 

3.56 

2.33 

L23 

1.886 

1.525 

1.108 

30 

2.550 

.  7575 

.297 

69 

_ 

4.66 

2.93 

1.73 

2.157 

1.710 

1.314 

31 

2.233 

.758 

.339 

69 

— 

5.93 

3.72 

2.21 

2.433 

1.927 

1.485 

32 

2.050 

.7575 

.369 

69 

_ 

7.07 

4.44 

2.64 

2.660 

2.106 

1.623 

33 

L733 

.733 

.422 

67 

+ 

8.21 

5.38 

2.83 

2.863 

2.317 

1.681 

34 

1.  767 

.758 

.429 

68 

9.75 

6.16 

3.59 

3.120 

2.480 

1.893 

35 

1.417 

.734 

.517 

68 

4-' 

11.90 

7.85 

4.05 

3.447 

2.800 

2.012 

LOWER  BED  2.25  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


36 

6.367 

0.754 

0.1185 

70 

1.37 

1.00 

0.37 

1.170 

1.00 

0.608 

37 

4.217 

.7335 

.173 

67 

4- 

2.51 

1.92 

.59 

1.583 

1.384 

.768 

38 

3.500 

.737 

.211 

70 

4- 

3.49 

2.  66 

.83 

1. 86() 

1.630 

.910 

39 

2.900 

.758 

.261 

07 

4.85 

3.57 

1.28 

2.200 

1.888 

1.131 

40 

2.450 

.754 

.308 

69 

— 

6.60 

4.87 

1.73 

2.567 

2.205 

1.314 

41 

2.050 

.737 

.359 

68 

+ 

8.20 

6.26 

1.94 

2.860 

2.  .-H)l 

1.392 

42 

2.067 

.755 

.365 

68 

— 

9.02 

6.67 

2.35 

3.01 

2.58 

1.532 

43 

1.667 

.730 

.438 

69 

4- 

11.76 

9.00 

2.76 

3.426 

3.000 

1.660 
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FAnr,!';  •>.      I'lrixriinrnls  on  tlw  Jbnr  o/tiir  IhroiKih  tim  roriHrrutirr.  hedM  of  hIioI — ('oiil'd. 
LOWlOll  IJKI)  A  INCIIKH    THICK,  OK  Hlin'l'  ( )  !•    M  K  A  N    Dl  A  M  KTKR  OF  O.UW*  INCH. 


I'nm- 

1  'WH- 

rr.vv 

H<jimni 

t'Kll   of 

No. 
of 

t<).St. 

of  Uwt. 

Toliil 
tilr. 

Air  |M'r 
iiiin- 

tilin  of 
ulr. 

1  'rf^H- 

HIJH'H 

f  or- 

Miir»  A 

{(•V«T 

iipiwr 

Ntint  1) 

(IH- 
f.Wi'l'll 

Miim  A 

iiilriiiN 

pn«- 

Hiiro  H. 

1 

HI tnt  A. 

1  '• '  • 
Niirn  1). 

.(«i  A 
iJilnuJi 

Im'<1;. 

ImmIm). 

|)r«'»- 

InrhrH. 

vure  li. 

Mill. 

Pounds. 

I'oundti. 

"/''. 

InrfifH. 

-14 

K.  i:w 

0.751 

0.  (H»23 

«W 

+ 

1.19 

0,  W75 

2.16 

l.(Ml 

0.08(1 

0.463 

45 

5.  467 

.  7<W 

.  13U4 

(Mi 

— 

2.  II 

1.67 

.44 

1.451 

1.202 

.tm 

4('t 

4.217 

.751 

.178 

(Ui 

+ 

.3.  22 

2.58 

.64 

1.703 

l.ttXi 

.m) 

47 

3.  3:<3 

.7«13 

.22<» 

05 

— 

4.74 

3.75 

.\Ht 

2.  176 

i.o:j5 

.004 

4S 

2.417 

.  732 

.  303 

66 

-f- 

7.  54 

«.  i:i5 

1.405 

2.744 

2.474 

1.184 

4t) 

2.  3(K) 

.  7(>3 

.  332 

(i6 

— 

8.73 

6.  8.5 

1.88 

2. 052 

2.616 

1.370 

.-iO 

2.  I(K) 

.  76.3 

.  363 

(M( 

— 

10.  76 

8.  25 

2.  51 

3.  277 

2.870 

1.08.3 

51 

1.S33 

.  733 

.4(N) 

6(i 

+ 

11.  UO 

y,  m 

2.  24 

3.  447 

3.  105 

1.405 

l,()\V!:i{    Hi:i)  3.16  INCHKS  THICK,  oV  SHOT  OF  MKAM   DIAMKTKU  OF  0.0074  INCH. 

TI\o  ,s;inii*  idiMilicai  siiot  hulls  were  ii.scd  for  tests  14  to  51,  inclusive,  ius  for  tests  .Vi  to  54,  liifjiislvf;  but 
boforo  making'  tlif  Litter  tlirt'c  tlie  lower  heel  of  shot,  was  loosened  by  tiirninj?  Mown  and  iij)  several  limes, 
and  the  loosening  was  uceonipaiiiod  by  an  increase  iu  the  total  thicl<uess  from  3  Inches  to  3.10  inches. 


52 

5. 233 

0.744 

0.142 

67 

1.S27 

1..327 

O.-'iOO 

1..3.'j1 

1.151 

0.707 

53 

2.433 

.744 

.  30() 

67 

+ 

5.  75 

4.36 

1..39 

2.  .396 

2.086 

1.178 

54 

1.866 

.744 

.  3<»9 

67 

\- 

9. 65 

7.32 

2.  33 

3.104 

2.704 

1.625 

LOWER  BED  3.75  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


55 

9.633 

0. 765 

0.0794 

64 

1.13 

0.949 

0.181 

1 .  (XJ2 

0. 973 

0.425 

56 

7.333 

.765 

.104 

64 

+ 

1.560 

1.330 

.230 

1.248 

1.151 

.429 

57 

5.966 

.  765 

.128 

64 

_ 

2.  1.50 

1.820 

..330 

1.465 

1.348 

.574 

58 

4.634 

.7.59 

.164 

64 

4- 

3. 140 

2. 690 

.4.50 

1.770 

1.638 

.671 

59 

3.950 

.765 

.194 

64 

— 

4. 230 

3.480 

.750 

2. 055 

1.863 

.865 

60 

2. 734 

.759 

.278 

63 

+ 

7.320 

6.  340 

.980 

2.704 

2.516 

.989 

61 

2.617 

.765 

.292 

64 

— 

8.130 

6. 660 

1.470 

2.&50 

2.579 

1.212 

62 

2.383 

.747 

.313 

64 

4- 

9. 080 

7.700 

1..380 

3.008 

2. 774 

1.174 

63 

2.250 

.765 

.340 

64 

— 

10.  50 

8.79 

1.71 

3.24 

2.963 

1.307 

64 

2.020 

.741 

.367 

64 

+ 

11.70 

9.84 

1.86 

3.417 

3.135 

1.363 

LOWER  BED  4.50  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.0974  INCH. 


65 

10. 700 

0. 765 

0.0715 

64 

1.040 

0.890 

0.150 

1.020 

0.942 

0.387 

66 

7.333 

.759 

.1035 

64 

+ 

1.85 

1.65 

.20 

1.360 

1.283 

.447 

67 

5.333 

.765 

.1435 

64 

— 

2.87 

2.74 

.13 

1.692 

1.654 

.360 

68 

4.150 

.759 

.183 

64 

+ 

4.42 

3.83 

.59 

2.101 

1.956 

.767 

69 

3.350 

.765 

.228 

64 

— 

6.28 

5.39 

.89 

2.505 

2.322 

.942 

70 

3.020 

.759 

.2513 

64 

+ 

7.20 

6.30 

.90 

2.685 

2.508 

.947 

71 

2.917 

.759 

.260 

64 

+ 

7.  .52 

6.63 

.89 

2.740 

2.574 

.942 

72 

2.550 

.765 

.300 

64 

— 

10.  .53 

8.85 

1.68 

3.244 

2.974 

1.295 

73 

2.450 

.765 

.312 

64 

10.56 

9.00 

1.56 

3.246 

3.000 

1.248 

74 

2.350 

.759 

.323 

63 

+ 

11.08 

9.70 

1.38 

3.326 

3.113 

1.174 

LOWER  BED  1  INCH  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.125  INCH. 


75 

4.500 

0. 766 

0.170 

63 

1.055 

0.422 

0.633 

1.027 

0.649 

0.745 

76 

3.383 

.755 

.223 

62 

+ 

1.525 

.710 

.815 

1.234 

.842 

.902 

77 

2.  .583 

.766 

.297 

62 

— 

2.61 

1.155 

1.455 

1.614 

1.074 

1.206 

78 

2. 133 

.754 

.3534 

62 

+ 

3.49 

1.58 

1.91 

1.867 

1.256 

1.382 

79 

1.783 

.766 

.429 

63 

— 

4.99 

2.16 

2.83 

2.234 

1.468 

1.681 

80 

1.500 

.738 

.492 

64 

4- 

6.42 

2.88 

3.54 

2.533 

1.696 

1.880 

81 

1.483 

.767 

.517 

63 

— 

7.68 

3.38 

4.30 

2.770 

1.837 

2.073 

82 

1.200 

.736 

.613 

64 

+ 

9.03 

4.13 

4.90 

3.004 

2.032 

2.214 

83 

1.117 

.754 

.675 

64 

+ 

11.55 

5.37 

6.18 

3.396 

2.317 

2.485 
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Table   5. — Experiments  on  the  flow  of  air  through  two  consecutive  beds  of  shot — Cont'd. 

LOWER  BVA)  1.50  INCHKS  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.125  INCH. 


Square 

No. 
of 

test. 

Length 
of  test. 

l^otal 

air. 

Air  per 
min- 
ute. 

Tem- 
pera- 
ture of 
air. 

Pres- 
sures 
-f-  or  — 

Pres- 
sure A 
(over 
upper 
bed). 

Pres- 
sure B 
(be- 
tween 
beds). 

Pres- 
sure A 
minus 

pres- 
sure B. 

Square' Square  J74«f 

root  of    root  of     Pff. 

pres-       pres-     ^^f®  ^ 

sure  A.   sure  B.    """"^ 
1               i    Pres- 

sureB. 

Min. 

Pounds. 

Pounds. 

"F. 

Inches. 

Incites. 

84 

4.183 

0.757 

0.181 

65 

+ 

1.400 

0.806 

0. 594 

1.182 

0.897  ,  0.770 

85 

2.567 

.760 

.296 

66 

— 

3.240 

1.710 

1.530 

1.798 

1.307     1.236 

86 

2.200 

.762 

.346 

66 

— 

4.180 

2.190 

1.990 

2.044 

1.478  '  1.409 

87 

1.667 

.757 

.454 

66 

+ 

6.310 

3.540 

2.770 

2.510 

1.880  !  1.662 

88 

1.683 

.762 

.4525 

66 

— 

7.190 

3.840 

3.350 

2.680 

1.958 

l.fl28 

89 

1  450 

.762 

.525 

66 

— 

9.180 

4.910 

4.270 

3.028 

2.214 

2.065 

90 

1.350 

.732 

.542 

66 

+ 

9.400 

5.220 

4.180 

3.064 

2.284 

2.043 

91 

1.167 

.744 

.637 

66 

+ 

11.750 

6.520 

5.230 

5.426 

2.551 

2.285 

LOWER  BED  2  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.125  INCH. 


92 

5.950 

0. 762 

0.128 

66 

1.294 

0.761 

0.533 

1.137 

0.872 

0.730 

93 

3. 233 

.744 

.230 

66 

+ 

2.830 

1.810 

1.020 

1.681 

1.344 

1.010 

94 

2.583 

.762 

.295 

66 

— 

3.900 

2.350 

1.550 

1.973 

1.532 

1.244 

95 

2.177 

.7.50 

.354 

66 

■     4- 

5.500 

3.450 

2.050 

2.344 

1.856 

1.430 

96 

1.867 

.762 

.408 

66 

— 

6.960 

4.290 

2.670 

2.636 

2.070 

1.632 

97 

1.617 

.738 

.456 

66 

+ 

8.300 

5.230 

3.070 

2.880 

2.28.5 

1.7.50 

98 

1.600 

.762 

.476 

66 

— 

9.350 

5.720 

3.630 

3.055 

2.390 

1.903 

99 

1.216 

.732 

.602 

66 

+ 

11.900 

7.530 

4.370 

3.447 

2.743 

2.088 

LOWER  BED  3  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.125  INCH. 


100 

6.417 

0.762 

0.119 

66 

+ 

1. 055 

0.811 

0.244 

1.027 

0.900 

0.494 

101 

4.750 

.762 

160 

66 

— 

1.733 

1.214 

.519 

1.317 

1.102 

.720 

102 

3.550 

.756 

.213 

66 

-t- 

2.800 

2.070 

.730 

1.673 

L439 

.854 

103 

2.917 

.762 

.261 

66 

— 

4.050 

2.810 

1.240 

2.012 

1.676 

1.113 

104 

2.333 

.738 

.310 

66 

-1- 

5.570 

4.090 

1.480 

2.360 

2.023 

1.210 

105 

2.133 

.762 

.357 

66 

— 

6.930 

4.870 

2.060 

2.631 

2.206 

1.438 

106 

1.866 

.762 

.408 

66 

— 

9.100 

6.450 

2.650 

3.015 

2.  538 

1.627 

107 

1.550 

.744 

.480 

66 

+ 

11.560 

8.440 

3.120 

■ 

3.398 

2.904 

1.765 

LOWER  BED  4  INCHES  THICK,  OF  SHOT  OF  MEAN  DIAMETER  OF  0.125  INCH. 


108 

9.000 

0.753 

0.0837 

72 

0.797 

0.597 

0.200 

0.893 

0.772 

0.447 

109 

5.750 

.750 

.1305 

72 

-1- 

1.532 

1.185 

.347 

1.237 

1.088 

.589 

110 

4.133 

.747 

.181 

71 

+ 

2.670 

2.066 

.604 

1.633 

1.437 

.777 

111 

3.300 

.753 

.228 

71 

— 

4.010 

2.980 

1.030 

2.005 

1.725 

1.015 

112 

2.467 

.742 

.301 

71 

+ 

6.136 

4.760 

1.376 

2.477 

2.180 

1.172 

113 

2.330 

.754 

.324 

72 

— 

6.970 

5. 210 

1.760 

2.640 

2.281 

1.326 

114 

2.  217 

.736 

.,332 

72 

+ 

7.360 

5.740 

1  620 

2.710 

2.395 

1.272 

115 

2. 170 

.753 

.347 

72 

_ 

7.890 

5.970 

1.920 

2.808 

2.  443 

1.385 

116 

2.000 

,753 

.377 

72 

— 

9.950 

7.500 

2.450 

3.154 

2.740 

1.565 

117 

L833 

.736 

.402 

72 

+ 

9.920 

7.820 

2.100 

3.150 

2.796 

1.448 

lis 

1.667 

.730 

.438 

71 

+ 

11.800 

9.100 

2.700 

3.434 

3. 015 

1.642 

NO  LOWER  BED  OF  SHOT,  ONLY  THE  STANDARD  UPPER  BED. 


119 

2.967 

0.742 

0.250 

71 

-1- 

1.021 

L021 

1.011 

l.Cll 

120 

2.167 

.754 

.348 

71 

— 

2.044 

2.044 

L429 

1.429 

121 

1.583 

.725 

.458 

71 

-1- 

3.004 

3.004 

1.732 

1.732 

122 

1.367 

.754 

.551 

71 

— 

3.840 

3.840 

L958 

. 

L958 

123 

1.283 

754 

.587 

71 

— 

4.530 

4.530 

2.128 

2.128 

124 

1.050 

.718 

.6&3 

71 

-f- 

5.250 

5.250 

2.292 

2.292 

125 

.800 

.718 

.898 

71 

+ 

8.940 

8.940 

2.990 

2.990 

l.\i:(ti;  \i  <)i:\     iXIM.Itl  MI'.NTR. 
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Ki^iiiTs  S   (,o  'JO,  iiiclnsivi',  show  )4i jijilin  nlly   lli<    iiil<Trc.|jitioiis  l>0/-^ 
Iavccii  llic  itnns  coinpiilcd   fnmi   \\\r  test  <liitii. 

Ki<^iii('S  S  and  '.)  show  ihc  ichilioiis  hclwci-n  ihr  pn'ssiin*  (hops 
thioiif^h  Ihr  Iow<'r  hcds  of  shot  and  ihc  weights  of  air  |)assin^^  throii^^li 
I  he  appaialiis,  for  shol  sizes  No.  S  and  No.  -1,  respectively.  Kach 
(MiiNc  «riv<*s  Ihese  rehilions  for  a  (•(mstnnl  thickness  of  I  he  h)wer  shot 
hed,  as  iinhcatcd  on  each  figure.  Points  philtcd  as  hoMow  circleH 
are  foi"  trsts  wilh  air  Mowing  from  the  nieasnrinj^  tank,  and  points 
incUcatcd  hy  sohd  hhick  ciicles  are  for  t<'sfs  with  the  air  flowing  in 
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PRESSU'^E  DROP  THROUGH   LOWER   BED  OF  SHOT— INCHES  OF  WATER, 

Fig.  8.— Relations  between  the  pressure  drops  through  lower  beds  of  No.  8  shot  and  rate  of  flow  of  air  through 

apparatus.     ]<]ach  curve  gives  the  relation  for  one  thickness  of  the  lower  bed,  as  indicated. 

the  opposite  direction.  In -shape  these  curves  look  hke  parabolas 
of  the  form  if  =  px,  which  suggests  the  approximate  law  that  the 
weight  of  air  varies  directly  as  the  square  root  of  the  pressure  drop. 
To  test  this  law,  the  weights  of  air  were  platted  with  the  square  roots 
of  the  pressure  drops.  Figure  10  gives  the  curves  thus  obtained 
from  experiments  in  which  the  lower  bed  was  of  No.  8  shot.  It 
appears  that  for  small  pressure  drops  the  law  holds  fairly  well,  but 
that  for  large  drops  the  rate  of  flow  of  air  is  somewhat  larger  than  the 
law  suggests. 

Figures  11  and  12  were  platted  to  show  how  the  thickness  of  the 
lower  shot  bed  affects  the  rate  of  flow  of  air  through  the  apparatus 
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at  constant  pressure  drops.  The  curves  show  that  as  the  thickness 
of  the  lower  ])eds  of  shot  increases,  the  weight  of  air  passing  through 
the  apparatus  decrease's,  veiy  rapidly  at  first,  but  as  greater  thick- 
nesses are  reached  the  rate  of  decrease  gradually  chminishes.  All 
curves  are  asympt(^tic  to  the  line  of  zero  weight  of  air  when  the 
thickness  of  the  bed  of  shot  is  infinite. 

Figures  11  and  12  seem  to  bring  out  one  principle  rather  strongly, 
which  is  that  for  constant  weight  of  air  the  ratio  of  the  thickness  of 
the  lower  shot  bed  to  the  pressure  drop  through  the  latter  is  constant. 
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12  3  4  5  6  7  8 

PRESSURE  DROP  THROUGH  LOWER  BED  OF  SHOT— INCHES  OF  WATER. 

Fig.  9.— Relations  between  pressure  drops  through  lower  bods  of  No.  4  shot  and  rate  of  flow  of  air  through 

apparatus. 

Thus,  for  example,  using  figure  1 1  and  taking  the  constant  weight  of 
air  passing  through  the  apparatus  as  0.2  pound  per  minute,  the 
pressure  drop  is  about  1.0  inch  of  water  when  the  lower  bed  is  1.0 
inch  thick,  2.0  inches  when  the  lower  bed  is  2.0  inches  thick,  3.0 
inches  when  the  lower  bed  is  3.0  inches  thick,  and  so  on.  Again, 
let  us  take  the  weight  of  air  passing  through  the  apparatus  as  con- 
stant at  0.45  pound  per  minute,  then  we  have  through  the  0.5-inch 
shot  bed  a  drop  of  2  inches  of  water,  through  the  1.0-inch  bed  a  drop 
of  4  inches,  and  through  the  1.5-inch  bed  a  drop  of  6  inches,  giving 
a  constant  ratio  of  the  thickness  of  the  shot  bed  to  the  pressure  drop 
of  about  0.25.     Table  6  gives  these  ratios  for  the  No.  8  shot  for  each 
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incli  (tf  pressure  (lr(>|)  niid  lor  evei>  ().r»-iiieli  lliiekuess  of  I  lie  slu>L 
1)0(1.  Ill  each  lioiizoiil  III  row  (lie  line  liende*!  \ty  A  ;;ives  (lie  lliiek- 
uess of  (he  low<'r  l)e<|  (ifsliol,  1111(1  I  lie  line  liended  hy  H^ives  1  lie  rMli(i 
of  llu^  I  hickiH'ss  of  I  he  \>(u\  (o  I  he  |)r(\ssiire  (lro|)  llirou<^li  il.  ThiiH 
ill  (he  (iis(  hoii/ondil  row  ( h(^  (iist  ii<riire  in  (he  line  hendcd  hy  A  Hi 
l.r)r),  and  (lie  lii'sl,  (i^nic  in  (he  line  headecj  \>\  I>  and  ^d\('n  as  1  ..55  in 
the  ra(io  of   \  S>r)  (o    1.0,   (he  hi((e!-  \ahie   hein;^  (lie   pressure  dioj)  at 
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SQUARE  ROOTS  OF  PRESSURE  DROPS  THROUGH   LOWER  BED  OF  SHOT— INCHES  OF  WATER. 

Fig.  10.-  Relations  between  the  square  roots  of  the  pressure  drops  throuf!;h  the  lower  beds  of  No.  8  shot 
and  the  rates  of  flow  of  air  through  the  apparatus.    Points  taken  from  figure  8. 

the  head  of  the  vertical  cokimn.  In  the  same  manner  the  second 
figure  of  the  Une  headed  by  A  is  3.15;  and  3.15  divided  by  2.0,  the 
pressure  drop  given  at  the  head  of  the  second  vertical  column,  is 
1.58,  which  is  given  in  the  horizontal  line  headed  by  B  as  the  ratio 
of  3.15  to  2.0.  The  constancy  of  the  ratios  given  in  the  table  m  each 
of  the  horizontal  lines  headed  by  B  is  rather  striking,  and  is  appar- 
ently more  than  an  accident,  because  the  same  constancy  of  the  same; 
ratio  is  found  to  exist  with  the  No.  4  shot,  as  shown  in  Table  7. 
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Table  0.  —  Compulations  shoiring  the  ronHtarinj  of  the  ratio  of  the  tJiickncss  of  the  lower  bed 
of  shot  to  f,he  pressure  drop  through  the  lower  bed  required  to  deliver  a  f/iven  amount  of  air 
per  minute  for  tests  in  which  the  lower  bed  was  of  shot  of  mean  diameter  of  0  Ml  A  inch. 

[Lines  headed  A  Kivi'  tliic.kncss  of  Icwcr  l.cd  in  inches;  W  lines  give  rulio  of  thickness  to  pressure  drop.] 


Air  per 
minute. 

Line. 
f   A 

Pressure  drops,  in  inches  of  water,  through  lower  Ijcd  of  shot. 

1. 

1.55 
1.55 

i.o;i 

1.03 
.70 
.70 
.49 
.49 

2. 

3. 

4. 

5. 

6. 

7. 

PouTiis. 

3.15 
1.58 

0.15    ,^    jj 

■ 

.20 

r  A 

1.99 
.99 

1..39 
.09 

1.04 
.52 
.77 
.38 
.61 
.30 
.49 
.24 

3.  0.3 

1.01 

2.07 

.69 

1.51 

.50 

1.17 

.39 

.93 

.31 

.75 

.25 

.03 

.21 

,53 

.18 

4.17 

1.04 

2.84 

.71 

2.05 

.51 

1.55 

.39 

1.24 

.31 

.1.01 

.25 

.84 

.21 

.71 

.18 

.62 

.15 

.52 

.13 

\ 

3. 60 
.72 

2.55 
.51 

1.95 
.39 

1.53 
.31 

1.25 
.25 

»1.04 
.21 
.88 
.18 
.76 
.15 
.65 
.13 

4.44 
.74 

3.15 
.53 

2.29 
.38 

1.83 
.30 

1.48 
.25 

1.24 
.21 

1.(0 
.18 
.90 
.15 
.76 
.13 

•25  ,<^    B 

••-^^    |{    B 
■it^      f    A 

3.  73 

,5:{ 

2.77 
.40 

2. 13 
.30 

1.71 
.24 

1.41 
.20 

1.20 
.17 

1.03 
.15 
.88 
.13 

..i5 
.40 
.45 
.50 
.55 
.60 
.65 

1    B 

u 

1 

Table  7. — Computations  showing  the  constancy  of  the  ratio  of  the  thickness  of  the  lower 
bed  of  shot  to  the  pressure  drop  through  the  lower  bed  required  to  deliver  a  given  amount  c; 
air  per  minute  for  tests  in  which  lower  bed  was  of  shot  of  mean  diameter  of  0.125  inch. 

[Linesheaded  A  give  thickness  of  lower  bed  in  inches;  B  lines  give  ratio  of  thickness  to  pressure  drop.] 


Air  per 

inin- 
nte. 

Povnds. 
0.20 

.25 

..^0 

.35 

.40 

.45 

.50 

.55 

.00 

.05 

Line. 

1 
Pressure  drops,  in  inches  of  water,  through  lower  bed  of  shot. 

1. 

2. 

3. 

4. 

5. 

.6. 

7. 

8. 

9. 

{-^ 
it 

{■i 
it 

u 

1    A 
1    B 

it 

f    A 
I    B 

1.65 
1.65 
1.16 
1.16 

3.25 
1.62 
2.18' 
1.09 
1.63 
.81 

1 

3.37 
1.12 
2.45 

.82 
1.87 

.62 
1.50 

.50 
1.23 

.41 
1.00 

.33 

• 

3.30 
.82 

2.47 
.62 

1.96 
.49 

1.62 
.40 

1.36 
.34 

1.24 
.31 
.95 
.24 

1.28 

64 

1.01 

50 

3.10 

.62 
2.43 

.49 
2.01 

.40 
1.69 

.34 
1.43 

.29 

1.22 

24 

1.03 

.21 

3.85 

.64 
2.94 

.49 

2.40 

40 

2.01 

.33 
L72 

.29 
L48 

.25 
1.28. 

.21 

3.44 

.49 
2.77 

.40 
2.32 

.33 
2.00 

.29 
1.74 

.25 

1.51 

22 

4.  09 

.51 
3.14 

.39 
2.65 

.33 
2.28 

.28 
1.97 

.25 

"3.55" 

.40 

2.93 
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PRACTICAL    DEDUCTIOXS. 


Practical  deductions  from  tlie  above  principle  can  he  made  as 
follows : 

Other  things  remaining  the  same,  if  the  thickness  of  the  fuel  hed  be 
doubled  the  work  done  by  the  fan  must  be  about  doubled  in  order 
that  the  same  weight  of  air  shall  pass  through  the  fuel  bed  per  minute. 


i,M'.<)i:.\i()i!\'   i:\im,I(I,mi;nts. 
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SiiKM'  i\n\  }i,l>soliil(*  |>rcN.snn'  n\'  I  In-  ;iii-  iniiiiiii ,  I  In*  iiiiir  williin  I  <»r  J 
|)('i"  (('lit,  lll(^  voliuiin  (if  I  Ik*,  iiir  rnimins  jirurlv  tlir  .sjuiic,  in  ull  <iiM*h; 
lu'Il('(^  iKMirly  i\\o,  suinc.  \oliiiiic  of  iiir  is  ilispluccd  u;^Hiiisl  doiihlc  I  he, 
j)i'(»ssiir('i  by  tJic,  ('xpciMlil  hit  <»f  <lniil)I(»  J  he  work.  'I'lic  saiuc  rcasonini^ 
ji,|)|)li(\s  vvhcllicr  1  ho  ( Iiickiicss  of  I  lie  fuel  Ix'd  is  doiihlcd  or  (jiiudnipN'd. 
Kiirllicr,  \iy  lik(Miiii;i;  llu^  led  of  shot  lo  I  lie  luhcs  in  u  wiilcr-luhn 
i)()il('r,  if  lli(^  Icn^lli  of  llic  pnlli  of  llic  •^asc'.s  anions  llic.  lul^cs  he. 
(lonMod  while  oMum*  lliin^s  icinMin  Ihcsaiiic,  llir  f.in  work  iccjiiircd 
to  put  i\\o.  sanu^  \veijj;ht  of  ^asos  throii^^h  Ihc,  hoilcr  is  douhlcd,  jind  .so 
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THICKNESS  OF  LOWER  BED  OF  SHOT— INCHES. 

Fig.  11.— Relations  between  the  thickness  of  tlielower  l^edsof  No.  8  shot  and  tiieratesof  flow  of  air  through 
the  apparatii.-;.     Each  curve  shows  the  relation  for  one  constant  pressure  droi^  througli  the  lower  bed. 

on.  This  is  an  important  principle,  as  affecting  the  arrangement  of 
the  heating  surface  of  a  boiler.  The  principles  of  heat  transmission 
require,  for  high  efhciency  in  heat  absorption,  long  and  narrow  gas 
passages,  and  the  fan  work  required  perhaps  increases  about  directly 
with  the  length  of  the  gas  passage  through  the  boiler.  Fortunately 
the  steam  used  by  a  fan  is  a  small  portion  of  that  generated,  so  that 
there  seems  to  be  a  chance  to  improve  the  economy  of  steam-boiler 
operation  by  judicious  use  in  boiler  design  of  the  above  principle  as 
applied  to  both  fuel  bed  and  boiler. 

By  following  any  vertical  lino  in  figure  11  it  is  seen  that  the  pressure 
drop  increases  faster  than  the  weight  of  air,  although  it  does  not 
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increase  (jiiite  as  the  square  of  the  hitter.  On  the  average,  for  con- 
stant thickness  of  the  shot  bed,  to  double  the  weight  of  air  requires 
tlnit  the  pressure  (hoj)  be  increased  about  3.25  times;  to  trebk^.  it  the 
(hop  must  be  increased  about  G.OO  times.  If  a  similar  law  holds  good 
foi-  hot  gases  and  in  steam  boilers,  the  following  practical  deduction 
can  be  made: 

Suppose  that  it  is  desired  to  double  or  treble  the  capacity  of  a  plant 
without  making  any  changes  in  the  furnaces  and  boilers.  Such 
increases  of  capacity  would  require  about  double  and  treble  the  quan- 
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4.0 


A5 


FlG.12.— Relations  between  the  thickness  of  the  lower  beds  of  No  4  sliotand  theratesof  flow  of  air  through 
the  apparatus.  Each  curve  shows  the  relation  for  one  constant  pressure  drop  through  the  lower  bed, 
as  indicated  on  the  chart. 

tities  of  air  to  be  put  through  the  fuel  beds  and  boilers.  As  already 
stated,  in  order  to  force  through  such  greater  amounts  of  air  the  total 
pressure  drops  w^ould  have  to  be,  respectively,  about  3.25  and  6.00 
times  as  large  as  in  the  original  case ;  so  that  in  the  case  of  doubled 
capacity  it  would  be  necessary  to  force  twice  the  weight  (volume)  of 
gas  against  3.25  times  more  pressure,  which  would  make  the  total 
work  required  from  the  fan  2  (volumes)  X  3.25  (pressure)  =6.50  times 
as  large  as  in  the  original  case;  and  in  the  case  of  trebled  capacity 
three  times  the  weight  (volume)  of  air  forced  against  6.00  times 
more  pressure  would   make  the  total  work  required  from  the  fan 
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.'^volniiios)  X  (>.0()  (|)r('8Hun',)  -•  IS.O  liiiicH  as  ^mcjiI  »is  in  lln-  nri;.'iiiul 
(•a8(5  of  (ndiniiry  capjicil  v- 

If  al-  100  jxM'  ccnl  nl"  inhd  capacity  tlw  plaiil  cmiisiiiims  _:  per  criil 
of  (he  total  stcnim  "^(Micralrd  iti  iimnin^  fans,  fhrn  nvImmi  d'Hihlinj^  the 
capacity  tho  steam  conHuniption  by  tho  fans  will  he 

2  per  c(MitX().r)     ^,  ^ 
.,  /  .,    X     ={\.h  i)cr  cent 

2  (capacity)  ' 

and  when  trchlin;^  1  he  capacity  the  steam  consumpfion   hy  the  fans 

will  he 

2  per  centX  IH      .  . 

—;j-7 .,-  X     =12  |)ei-  cent 

3  (capacity)  ' 

of  (he  total  steam  j^eneial cd. 

It  is  a])parently  nndesirahle  to  attem|)t  more  than  a  douhlinj^  or 
perhaps  trel)lin<^  of  (he  rate  of  workin*^  of  most  boilers  already  in- 
stalled, unless  more  edicient  fans  are  desij^ned  and  used,  as  they  w^ell 
may  be.  The  mechanical  efliciency  of  most  fans  now  obtaina])l(^  is 
probably  well  imder  50  per  cent  in  most  cases;  some  En<^lish  makes 
of  mine-venlilatin<j;  fans  are  up  in  the  seventies,  and  it  is  (piite  likely 
the  reason  fans  in  t^eneral  are  so  inefficient  is  that  j)urchasers  demand 
nothing  better  or  are  not  willing  to  pay  a  somewhat  higher  price.  An 
increase  in  grate  area  will  keep  the  power  consumpticui  of  the  fans 
from  rising  as  fast  as  the  above  calculation  indicates.  Kebaffling 
the  boilers  will  often  permit  the  capacity  to  be  doubled  or  even  trebled 
while  still  getting  more  steam  than  formerly  per  pound  of  coal  for 
uses  outside  the  boiler  room.  It  is  ahvays  to  be  remembered  that  the 
work  expended  on  the  gases  in  driving  them  through  the  fuel  bed  and 
boiler  is  partly  recovered  as  heat  by  the  boiler.  But  the  most  hope 
of  all  lies  in  the  designing  of  new  types  of  boilers  specially  fitted  for 
high  rates  of  working. 

It  is  w^ell  to  bear  in  mind  that  fan  equipments  designed  to  supply 
three  or  four  times  as  much  air  under  several  times  the  pressure  w^ould 
also  be  provided  with  more  efficient  engines,  which  is  an  additional 
factor  favoring  high-capacity  working. 

In  the  cases  discussed  above  of  doubling  or  trebling  boiler  capacity, 
somewdiat  thicker  fuel  beds  would  be  required,  but  some  locomotive 
tests  given  in  a  succeeding  portion  of  this  bulletin  show  that  even  then 
the  work  required  to  force  the  air  through  the  fuel  and  boiler  does  not 
increase  any  faster  than  the  above  calculation  indicates.  Provided 
that  the  boiler  proper  were  such  that  its  efficiency  as  a  heat  absorber 
did  not  drop  much  on  increasing  its  rate  of  w^orking,  and  that  the  fuel 
were  such  as  not  easily  to  be  carried  up  from  the  bed,  such  an  increase 
in  steam  production  would  be  a  very  sound  step  commercially.     The 
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waste  lioai  of  the-  steam  from  the  fans  coulrl  be  largely  recovered  in 
lieatinj^'  the  feed  water,  inasmuch  as  the  auxiliaries  of  the  modern 
turbine  power  plant  do  not  ordinarily  supply  enou<^h  steam  for  this 
purpose.  Best  of  all,  the  fu'st  cost  of  the  plant  would  be  increased 
very  little,  while  it  would  supply  two,  three,  or  four  times  the  custom- 
ary amount  of  steam.  With  new  boilers  properly  designed  this  great 
increase  in  capacity  need  be  at  no  sacrifice  in  equivalent  evaporation. 

It  may  well  be  asked  whether  the  rate  of  combustion  would  keep 
up  with  the  increased  supply  of  air.  At  present  there  are  no  accurate 
experimental  data  at  hand  to  prove  that  it  would,  but  everyday 
observations  of  blast  furnaces  and  blacksmith's  forges  indicate  that 
the  faster  the  air  is  blown  through  the  fuel  bed  the  higher  is  the  rate 
of  com])ustion,  the  temperature  remaining  fully  as  high  or  increasing. 
Of  course,  when  increasing  the  pressure  drop  through  the  fuel  bed, 
and  consequently  the  supply  of  air,  the  supply  of  fuel  and  the  thick- 
ness of  its  bed  must  be  regulated  and  carefully  watched.  At  present 
too  thick  a  fuel  becl  is  often  carried  with  a  comparatively  low  draft, 
in  the  attempt  to  obtain  a  high  temperature  or  to  reduce  the  chances 
of  the  formation  of  holes  in  the  fire.  The  first  attempt  is  question- 
able as  to  its  soundness  and  the  second  is  made  by  lazy  firemen.  Too 
thick  a  fuel  bed  places  needless  resistance  in  the  path  of  the  gases.  In 
all  attempts  to  force  up  the  capacity  of  boilers  care  must  be  taken  not 
to  have  the  velocity  of  air  through  the  fuel  bed  high  enough  to  carry 
up  fine  coal ;  resort  can  usually  be  had  to  more  grate  area. 

On  follo^\ang  any  curve  of  figures  11  and  12  from  left  to  right,  it  is 
evident  that  the  weight  of  air  flowing  through  the  apparatus  per  min- 
ute decreases  rapidly  at  first  with  increasing  thickness  of  the  bed  of 
shot,  and  then  more  and  more  slowdy.  If  it  is  justifiable  to  reason 
from  beds  of  shot  to  water-tube  boilers  of  the  cross-flow  type  (like  the 
Babcock  &  Wilcox),  and  perhaps  also  to  the  parallel-flow  type  (like 
the  Heine),  it  is  probable  that  doubling  the  height  (number  of  row^s 
of  tubes)  of  the  first  type  and  the  length  of  the  tubes  of  the  second 
type  will  not  reduce  the  weight  of  gases  flowing  through  the  boiler  to 
anything  like  half,  if  the  pressure  drop  through  the  boiler  proper 
remains  unchanged. 

According  to  the  curves  given  for  the  shot,  increasing  the  bed  to 
four  times  the  thickness  in  certain  cases  will  not  quite  reduce  the 
weight  of  gases  flowing  to  one-half;  increasing  the  thickness  to  nine 
times  will  not  quite  reduce  the  weight  of  gases  flowing  to  one-third. 
This  fortunate  relation  actually  seems  to  hold  more  or  less  in  the  case 
of  small  laboratory  boilers.  In  a  forthcoming  bulletin  on  heat  trans- 
mission into  boilers,  now  nearly  finished  by  the  present  authors,  are 
given  data  from  about  250  tests  on  small  laboratory  multitubular 
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boilcM's  1V(1  with  nir  hcnlcd  clrctrically.     Smnc  iijlcir.stinj^  n'siills  from 
Iwo  l)()il(Ms  of  (cii  liilx's  (Nicli  nir  I  jil)»il}ih'(l  Ix'low. 

J'rsts Jroin  tun  /uh()r<if(>ri/  m iillituhulnr  hm/rrs  /rd  ii'tlh  inr  liriihilfhrlrirullii. 


liilciiiiil  tllivmclor  of  tiibos 

I.i'iinlli  tif  IiiIm'S 

Air  piissiiu:  t  liroii^h  hollers  per  srcotwl  iiiwltT  a  prcssiiro  drop  of— 

Ten  iiH'Iics  of  wilier  lit  im  Itiltliil  (ntnporiitiinM)f  7f)0'  V 

I'Mvo  Inches  of  wnlcr  iil.  lUi  hillliil  Icmpcniliirc  of  TCK)"  V 


iiirhwi,. 
«lo.... 

.I'uoikIm.  . 
.  ..do. . . 


Bollffr 

No.  1. 


0.17« 

8,2H 


Boiler 

No,  A. 


am 

10.  Vil, 
JUtHH 


Tlu^  longer  (iil)os  al)S()Tl)0<l  jihoiil,  10  jxm'  cnil,  inor<».  of  (lie,  Im'^I, 
avjulabic  lo  Ihcin  from  (mm'Ii  ixhiikI  of  uii-  lliaii  did  (lie  sliorlcr  onrs, 
and  only  nhoiil  S  per  ccnl  less  air  j)a.ss(»d  (hrou<.jli  them,  under  tlH^saMic. 
])i'(»ssur('  d !()().  'rhor(»for(^  the  lon<^<M'  tubes  actually  absorbed  as 
nuicb  boat,  total  as  did  llie  shorter  ones,  from  less  air.     'Pakin<^  as  100 
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TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 
Fig.  13.— Relations  between  total  pressure  drops  and  drops  of  pressure  through  lower  beds  of  No.  8  shot. 

per  cent  the  weight  of  air  passing  through  the  shorter  tubes,  the  92 
per  cent  of  air  passing  through  the  longer  ones  is  higher  than  one 
might  expect  on  the  basis  of  the  experiments  with  shot.  One  possi- 
ble explanation  is  that  a  considerable  part  of  the  resistance  to  the 
passage  of  air  through  the  boiler  tubes  lies  at  the  entrances  to  the 
tubes  in  some  vena-contracta  efl'ect. 
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Fi<^ures  13  and  14  show  the  relation  between  the  total  drop  through 
both  beds  of  shot  and  the  drop  through  tlie  lower  bod  only.  The 
curves  are  as  nearly  straight  lines  as  can  be  expected,  indicating 
that  the  ratio  of  the  two  pressures  is  constant  and  confirming  the 
statement  under  a  (p.  1 1),  the  same  statement  having  already  been 
confirmed  by  experiments  on  large  boilers. 

Figures  15  and  16  show  how  the  pressure  drop  through  the  lower  bed 
increases  with  the  thickness  of  the  bed  wdien  the  total  drop  remains 
constant.  Each  of  the  curves  gives  this  relation  for  a  constant  total 
drop,  as  indicated  in  the  figures.     Each  curve  is  asymptotic  to  the 
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TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 
Fig.  14.— Relations  between  total  pressure  drops  and  pressure  drops  through  lower  beds  of  No.  4  shot. 

corresponding  pressure  drop  through  the  lower  bed  of  shot,  showing 
that  the  latter  drop  approaches  the  total  drop  as  the  thickness  of  the 
lower  bed  increases.  The  two  pressures  would  be  equal  if  the  thick- 
ness of  the  lower  bed  were  infinite.  A  similar  statement  is  applied 
elsewhere  in  this  bulletin  (see  p.  43)  to  a  steam  boiler  and  its  fuel  bed. 
Figures  17  and  18  show  the  relation  between  the  pressure  drop 
through  the  lower  shot  bed  and  the  weight  of  air  passing  through 
the  apparatus.  Each  curve  gives  the  relation  for  a  constant  total 
drop  through  both  beds,  as  indicated  on  the  figure.  The  curves 
show  that  the  weight  of  air  passing  through  the  apparatus  decreases 
as  the  pressure  drop  through  the  lower  bed  approaches  the  total 
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drop,  and  tlnit  Ml«^  w<'i^lil  Ix'coiiu'h  zero  wlini  I  In*  two  dropH  arc»  lujimi. 
The  poiiiJH  ai  i\\o  oxlvciur  \r\'\,  were  dolcrmiiMM'  hy  l<Miviii;^'  tlic  lower 
IxmI  of  shot  (Hil   ill  one  set,  of  cxpcriinciils. 

Kij^iircs  M.)  and  'JO  «.(iv('  the  rclnlion  hrlvvrcii  lln'  lolal  dioj)  lliroii;^li 
Mic  ap|)ara(iis  mid  I  lie  wci^dil  of  air  paHHJn^  fliroil^li  i\\o  latter  piT 
minute,  h^acli  of  I  lie  enrves  j^dves  this  relation  for  n  eoiiHtant  [)res- 
siin^  (h'op  l-hroii;j;h  the  lower  hed  of  sliol.  The  curves  are  drawn 
start inj^  from  a  total  pn^ssure  drop  e(pnd  to  that  tlirou<^h  the  lower 
l)e(l.  This  is  done  because  if  there  siioiild  he  no  pressure  drop 
throuj^h    tli(*   upper  hed  of  sliot ,  no  air  would   puss  throii^di    it    and 
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THICKNESS  OF  LOWER   BED  OF  SHOT— INCHES. 
Fig.  15.— Relations  between  the  thickness  ol  the  lower  bed  of  J^o.  8  shot  and  the  pressure  drops  through  it. 

therefore  none  through  the  apparatus.  The  curves  show  that  when 
the  drop  through  the  lower  bed  remains  constant  the  rate  of  flow  of 
air  through  the  apparatus  increases  with  the  total  pressure  drop. 
The  points  for  the  curve  starting  from  0  were  obtained  in  a  set  of 
tests  run  with  no  lower  bed. 

From  figure  19  the  following  practical  deductions  can  be  drawn: 
As  the  lower  bed  of  shot  represents  the  fuel  bed  and  the  upper  one 
the  boiler,  by  analogy  we  can  reason  from  the  showing  of  the  curves 
that  with  the  same  pressure  over  the  fire  the  weight  of  gas  passing 
through  the  boiler  will  increase  with  the  total  pressure  drop.  Also, 
by  considerations  drawn  from  following  any  A^ertical  line  in  figure  19, 
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wc  may  reason  that  with  tlie  total  pressure  drop  constant  more  gas 
will  flow  through  the  boiler  as  we  cross  the  curves  of  lower  drops 
through  the  fuel  bed.  This  is  contrary  to  what  is  ordinarily  expected 
by  n\i\n  in  charge  of  boiler  rooms.  They  reason  that  the  higher  the 
pressure  drop  through  the  fuel  bed  the  greater  the  amount  of  air 
which  will  pass  through  and  consequently  the  higher  the  rate  of 
combustion;  the  faultiness  of  this  reasoning  lies  in  its  failure  to 
consider  also  the  total  pressure  drop  from  ash  pit  to  stack. 
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THICKNESS  OF  LOWER  BED  OF  SHOT— INCHES. 
Fig.  16.— Relations  between  the  thickness  of  the  lower  bed  of  No.  4  shot  and  the  pressure  drops  through  it. 


RELATION   BETWEEN  MEAN  DIAxMETER  OF  SHOT  AND  WEIGHT  OF  AIR  PASSING  THROUGH 

THE    APPARATUS. 

Table  8  gives  a  comparison  of  the  weights  of  air  passing  through 
the  beds  of  the  two  sizes  of  shot.  An}^  horizontal  row  gives  the 
weight  of  air  and  the  ratio  for  the  same  pressure  drops,  but  for 
various  thicknesses  of  fuel  bed,  and  any  vertical  column  gives  the 
weights  and  ratios  for  the  same  thickness  of  beds  and  various  pres- 
sure drops.  Each  horizontal  line  headed  by  A  gives  the  weights  of 
air  passing  through  four  beds  of  No.  8  shot;  each  horizontal  line 
headed  by  B  gives  the  weights  of  air  passing  through  beds  of  No.  4 
shot  of  the  same  respective  thicknesses;  figures  in  the  horizontal 
lines  headed  b}^  C  are  the  ratios  of  the  two  above  weights;  and  figures 
in  the  horizontal  lines  headed  by  D  give  the  percentage  of  the  varia- 
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tion  of  oacli  ratio  froin  I  lie  nvrraj^r  of  all  tin-  ratios.  As  hIiowii  \u 
i\w  horizontnl  lines  hcadiMJ  by  (-  and  D,  tin*  nilios  of  (he  Iwr)  ucij^hts 
arc  iKMirly  conslaiit  for  all  prcssun's  and  Ix'd  llii(kii<'ss<»s,  su^^^ostin^ 
that  the  vvci^^dd.  of  air  is  a  direct  function  of  the  dianu'U'r  of  the  shot. 
The  avera<^e  of  the  ratios  of  the  weights  of  air  is  O.TfHi,  and  the  ratio 
of  the  (liainet(^rs  of  the  lar^e  and  small  shot,  siz<'H  is  0.770.  The  two 
ratios  are  al)ont  the  same;  whether  this  is  a  (roincidenc<'  is  not  known; 
more  experiments  are  needed  with  several  sizes  of  shot.'* 

Tahlk  8. — Comparison  of  pounds  of  air  paHs'uuj  through  beds  of  svinlL  and  large  shot 

under  the  same  vondUionM. 


Pressure 
drops 

through 
lower 

))eds  of 
shot. 


Line. 


Tliirkiu'ss   ill  iiicluvs,  of  lower  l)e(js  of  shot. 


0.202 
.  27.3 
.740 

-2.0 
.306 
.402 
.761 

+  .7 
.385 
.500 
.770 

+  2.0 
.452 
.585 
.772 

+2.2 
.510 
.660 
.773 

+2.3 
.566 
.730 
.775 

+2.6 


-«). 


+ 


0.  i'2;i 

.  ISO 

.68;{ 

7 

.  1<K) 
.262 
.760 
.6 
.256 
.  335 
.764 

+  1.2 
.  305 
.394 
.774 

+2.5 
.344 
.452 
.760 

+  .6 
.380 
.501 
.758 

+  .3 
.412 
.5o0 
.749 


.  140 
.700 
7.3 

154 
.211 

729 

4 
.200 
.268 
.747 
.2 
.241 
.315 

765 

3 
.274 
.;i56 
.769 
+1.8 
.306 
.396 
,773 

4 

,336 
.430 
.782 
+3.6 


-3. 


-1 


+  1. 


+2. 


0.  081 

.lis 

.6S7 

-9.1 
.128 
.  178 
.719 

-4.8 
.KiS 
.226 
.743 

-1.6 
.2u4 
.271 
.  752 

-  .4 
.236 
.312 
.757 

+  .2 
.264 
.344 
.707 

+  1.6 
.288 
.374 
.770 

+  1.9 


The  practical  deduction  from  the  above,  as  regards  the  sizes  of 
coal  burned  under  a  steam  boiler,  is  that  the  weight  of  air  passing 
through  a  fuel  bed  increases  wdth  the  size  of  the  coal,  which  is  in 
accord  with  everyday  observation.  In  what  way  the  weight  of  air 
depends  on  the  size  of  coal  can  not  be  ascertained  from  experiments 
with  shot,  and  even  if  this  relation  were  determined  for  one  coal 
such  a  determination  would  not  be  applicable  to  other  coals  of 
different  natures.  For  instance,  the  shape  of  the  pieces  of  coal 
probably  has  some  influence  on  the  flow  of  ais  through  the  bed,  and 
it  is  a  known  fact  that  the  pieces  of  western  bituminous  coals  are  in 
angular  shapes,  while  those  of  the  soft  eastern  bituminous  coals  are 

a  It  IS  interesting  to  note  here  that  the  percentage  of  voids  among  spheres  is  the  same  whatever  their 
size,  if  sizes  are  not  mixed.  As  a  check  on  this  conclusion  weighings  were  made  of  a  glass  fiask  filled 
successively  with  No.  8  and  No.  4  shot;  after  deducting  the  weight  of  the  flask  the  contents  weighed  the 
same  in  the  two  cases  within  about  1  per  cent. 
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rounded.  The  resisUmce  of  the  coal  bed  on  the  grate  would  also 
(le|)<'ji(l  somewhat  on  the  inaimer  in  which  the  coal  is  put  onto  the 
jrrate.  Tlius  the  bed  will  luive  a  different  resistance  when  the  coal 
is  shoveled  on  in  hand  iiring  than  when  it  is  gradually  fed  in  along 
with  a  very  gentle  agitation,  as  by  a  chain-grate  stoker,  or  when  fed 
in  and  moved  along  with  considerable  agitation,  as  by  stokers  of  the 
overfeed  and  tlie  underfeed  type.  Then,  too,  the  caking  of  most 
coals  in  hot  furnaces  is  constantly  changing  the  resistance  to  the 
passage  of  air. 

From  the  results  of  the  preceding  experiments  it  may  be  deduced 
that,  since  the  gas  is  the  carrier  of  heat,  less  heat  is  delivered  to  the 
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PRESSURE  DROP  THROUGH   LOWER  BED  OF  SHOT— INCHES  OF  WATER. 

Fig.  17.— Relations  l)etvveen  pressure  drops  through  the  lower  beds  of  No.  8  shot  and  rate  of  flow  of  air 
through  apparatus  for  various  constant  total  drops. 

boiler  when  the  resistance  through  the  fuel  bed  increases,  the  initial 
temperature  of  the  gas  and  total  pressure  drop  remaining  the  same. 
With  any  steam-generating  apparatus  the  resistance  to  the  flow 
of  gases  from  the  fuel  bed  to  the  uptake  is  very  nearly  constant,  and 
perhaps  is  affected  only  by  the  quantity  of  soot  and  ashes  on  the 
heating  surface.  This  constant  resistance  is  fixed  when  the  setting 
is  put  up  and  the  baflBes  are  inserted  in  the  boiler.  The  only  resist- 
ance which  varies  through  a  considerable  range  is  that  of  the  fuel  bed. 
An  unusually  high  pressure  drop  through  the  grate  and  fuel  bed  is  an 
indication  of  unduly  high  resistance. 
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riir  picssuiT  (lfo|>  I  III  (»ii;^';li  I  lir  hicl  Ix'd  |,  oI'lcM  loulu'd  ilpMri  ns  SO 
jiMuli  "di-jiri"  n\nil)il)l<'  (nr  I  lie  l)iii-iiiii;^  <»!"  cniil;  jmkI  il  is  widi-ly 
l)('li(»V(Ml  i  liai  willi  niiy  one  ;i  |>|)Mnil  us  I  \w  U'v^lwi  I  In*  dinj)  I  hron«^|i  \\u\ 
fuel  l)('(l  (I  he.  "(Irnl'l  "  in  (lie  rnrinicc),  rc^^anllcss  of  (lie  Ininl  ))r(*SKiirft 
(lr<H),  I  he  liii!;lM'r'  IIk'  lalc  of  coinhnsl  ion  nn<l  llic  lii;.''lM'r-  I  lie  r-npacity 
(Uwclopcd. 

An  application  <►!"  I  lie  principles  <lev<'lop<'<|  hy  I  he  expeririu;ii(s  on 
shot  l)C(ls  shows  thai  (his  alinosl  prevalenl  helicl"  resnils  frnm  incr)in- 
ploto  viows  of  (hin«j:s.  'I'he  pressure  drop  lhrou<;h  (he  fuel  l>ed  is 
ralhei'  an  iiuli('a,(.ion  <»f  I  he  resislajicc^  which  I  he  fuel  IxmI  arid  f^rate 
olVcr  to  I  he  pa.ssa»^e  of  air,  and  in   jud^irj*^  I  he  rate  of  workinj^  this 
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PRESSURE  DROP  THROUGH   LOWER   BED  OF  SHOT— INCHES  OF  WATER, 

Fir,.  IS.— Curves  showing  the  relations  between  pressure  drops  through  lower  beds  of  No.  4  shot  and  rate 
of  tlow  of  air  through  apparatus  for  various  constant  total  pressure  drops. 

drop  should  always  be  considered  in  connection  with  the  total  drop 
from  ash  pit  to  uptake.  With  the  same  total  pressure  drop  the  drop 
through  the  fuel  bed  can  be  made  to  equal  any  quantity  from  nearly 
zero  to  the  total  drop  by  changing  the  resistance  of  the  fuel  bed  only. 
If  the  air  passages  of  the  grate  and  all  other  openings  into  the  furnace 
were  entirely  stopped,  the  pressure  drop  from  ash  pit  to  furnace 
would  be  equal  to  the  total  pressure  drop.  In  other  words,  if  the 
resistance  to  the  flow  of  air  from  ash  pit  to  furnace  were  made  infinite 
the  pressure  al)ovo  the  grate  woukl  be  the  same  as  in  the  uptake. 
On  the  other  hand,  with  the  ash-pit  doors  fully  open  and  with  a  bare 


44 


DRAFTS   IN    STEAM-BOILER   PRArTTCE. 


grate  luivin^  lar^o  air  passa<^es,  the  pressure  in  the  furnace  wouhl  be 
close  t<»  (lie  pressure  in  the  ash  pit,  or  to  that  of  the  outside  atmos- 
phere; that  is,  by  jnaking  the  resistance  from  ash  pit  to  furnace 
nearly  zero  the  drop  of  pressure  through  the  o^rate  would  be  nearly 
zero.  By  similar  reasonin<j^  it  could  be  shown  fhat  by  decreasing 
the  resistance  to  the  flow  of  gas  from  over  the  fuel  bed  to  the  uptake, 
the  pressure  drop  ])etween  these  two  points  could  be  decreased  and 
that  between  the  ash  pit  and  furnace  increased.  However,  the 
resistance  from  furnace  to  uptake  is  fixed  by  the  design  and  construe- 
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TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 

Fig.  19. — Relations  Ijetvveen  total  pressure  drops  and  rate  of  flow  ol  air  through  apparatus  for  several  constant 
pressure  drops  through  lower  beds  ol  No.  8  shot. 

tion  of  the  boiler,  and  therefore  can  not  be  changed  by  manipulation 
or  by  the  quantity  of  the  coal;  for  this  reason  it  is  not  given  more 
detailed  consideration  in  this  bulletin. 


EFFECT  OF  PRESSURE  DROP  THROUGH  THE  FUEL  BED  ON  RATE 
OF  COMBUSTION  AND  ON  EVAPORATION. 

Since  for  any  one  steam-generating  apparatus  the  resistance  to  the 
flow  of  gas  between  the  furnace  and  the  uptake  is  practically  con- 
stant, it  is  reasonable  to  expect  that  for  a  greater  difference  in  pres- 
sures between  these  two  places  a  greater  weight  of  gases  will  pass 
through  the  boiler,  provided  that  the  temperature  of  the  gases 
remains  unchanged.     The  passage  of  a  greater  weight  of  gases  at  the 


KFFKCr  ON   IIATF,  nl    COMnnSTlON    AND  ON    KVAI'OHATION.  i^i 

same  tciiupcsnil  iin^  is  1  ho  acconipaniiiM'iil  of  a  lii«^1wi"  rale  of  comhiiHtioii 
and  l,h(^  cauMO  <»!  a.  more  rapid  prodiid  ion  of  slrain.  TIhik  w«*  may 
logically  cxpcd  I  hat  \\w  ralo  of  coinhuslion  and  llw  ('n\mi'\iy  of  I  ho 
boiler  will  vary  soiiicwlial  with  I  lie  dillVnMnc  of  prcsHurcs  l)<»two,«n 
i\w  fiirna('(^  and  1  lie  iiplakc. 

The  rcsislaiicc  wliicli  (lie  fuel  IxmI  oilers  lo  (he  flow  of  air  varios 
willi  tlu^  (liicknoss  of  liic  liic,  \\\o  size  of  the  coal,  and  probahly  with 
\\w  moisture  of  llic  coal  and  the  inilni'c  and  (pumtity  of  ash  on  t  ho 
<jjnit(>.      It    uonld    hardly    he   rcasonahle   to  e.xjx'cl    incfcascfl    rate  of 


1 

.  ,   ,    .     .. 

y 

7                             -                                                                                                                   -^                      ^ 

■^                                         ■  "   "     "                                 ^/                 jrlL 

_-CL^/              -dii_ 

w/       ^Z                         -^  y^ 

4iC^      -       v*^-                                      T^           ^< 

fi                                      it^        oU-    ^-            c^X-     y 

^  «:                              *yj/        v<^                    y       y     ^y\-     ^<^ 

^  •-'                                      "^ V            <          y'              y'           y       lV        iS>y 

^                      :  ;  iif     / 1      y  r  y      /     .A   j^   r 

! M^yy^yyAym 

1                               'V         ^f-         /■           y^         y          7         ^^          V 

t                     -^--    I    -      A-        /           y           y         y        ~7           ^ 

o                          /-*     -    /           y           y           y      -7        -Z           /- 

«                       /           y           ^           y        -./        y           ?           /^ 

Q  3                    -^            y            y            v"^         2         -,2            /            /^ 

^          -     /^       y-^/        /       /         z         /         v'^ 

o           V        /      i^      '^      y'^      ^       V       ^^  4i 

^              -/           ^           7\          /         /         7        J^           Z 

1           J           A   ~       V~        /        _/           Z           l 

j.       /         y        A^       -/        J         t         J~       -/ 

-/       -/         t         t       -T       4         y          t 

2         1^       7          J         t         L         J         ^ 

-t       7         y          t       ->         4         y          i 

t        't         J         -4         t         t         2         4 

,   t       -f           t         t         t       -t         t         t 

H        t        -4          1       -i        :t        J^        ' 

t        t        i        4        -t        I        t        1 

ttitttt 

L        _        :        t        t                ^  -      t I  -- 

L                        JZ                                                        I«^I-II - 

I                     Z                    3                    4                     5                    67a                    9 

TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 

Fig.  20.— Kelations  between  total  pressure  drops  and  rate  of  flow  of  air  through   api)aratus  for  several 
constant  pressure  drops  through  lower  beds  of  No.  4  shot. 


combustion  and  higher  capacity  when  one  or  more  of  these  factors 
increases  the  resistance  of  the  fuel  bed,  although  the  pressure  drop 
from  ash  pit  to  furnace  be  thereby  increased.  The  resistance  caused 
by  these  factors  can  be  changed  by  manipulation  of  the  fuel  bed. 

The  resistance  of  the  grate  is  constant  and  should  be  small,  because 
the  energy  required  to  move  air  through  it  is  uselessly  expended. 
It  follows  that  the  percentage  of  air  spaces  in  the  grate  should  be  as 
high  as  mechanical  construction  and  factor  of  safety  allow.  The 
pressure  drop  of  air  through  the  grate  should  be  as  nearly  zero  as 
possible.  The  power  applied  to  the  fans  should  be  utilized  as  com- 
pletely as  practicable  in  tw^o  ways  only — (a)  in  scrubbing  ashes  and 
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gases  of  combustion  off  tho  solid  pieces  of  fuel,  and  (b)  in  scrubbing 
the  soot  and  cooled  gases  oft'  the  water-heating  surface. 

A  pressure  ("draft")  gage  connected  to  the  space  above  the  fuel 
bed  gives  useful  information  as  to  the  condition  of  the  fire  to  a  fire- 
man who  understands  the  significance  of  its  indications.  Thus,  aftei 
cleaning  a  fire,  if  the  pressure  drop  from  ash  pit  to  fuel  bed  is  too  small 
the  fireman  may  be  sure  that  there  are  holes  in  the  fire,  or  that  it  is 
too  thin;  or,  if  the  pressure  drop  is  too  great,  it  is  probable  that  the 
fire  is  too  thick.  A  gradual  increase  of  the  drop  through  the  fuel  bed, 
after  a  fire  has  burned  for  some  time  (in  case  of  hand  firing  espe- 
cially), is  an  indication  of  the  accunmlation  of  clinker  next  the  grate. 
Of  course,  a  drop  through  the  fuel  bed  is  adjudged  high  or  low  only 
after  considering  it  in  connection  with  the  total  drop  through  the 
whole  apparatus.  It  luay  happen,  in  the  same  apparatus,  with  the 
same  coal  from  the  same  bin,  and  with  the  same  total  pressure  drop, 
that  much  less  coal  is  burned  and  a  smaller  amount  of  steam  pro- 
duced on  one  day  than  on  another,  although  the  pressure  drop  through 
the  fuel  bed  is  higher  on  the  day  of  smaller  steam  production.  The 
fireman  may  wonder  why  tliis  is.  The  explanation  may  be  drawn 
out  thus  from  the  preceding  paragraphs:  When  coal  is  taken  out  of 
the  side  and  bottom  of  a  bin,  the  larger  pieces  tend  to  flow  out  first, 
leaving  the  smaller  pieces  and  dust  in  the  far  corners,  which  stay  there 
to  the  last,  until  all  the  coarser  coal  has  been  burned.  When  burning 
the  finer  coal,  the  resistance  to  the  passage  of  air  through  the  fuel  bed 
is  greater,  and  this  greater  resistance  causes  a  higher  pressure  drop — 
that  is,  a  higher  ''draft"  above  the  fire;  simultaneously  the  smaller 
air  supply  results  in  a  lower  rate  of  combustion  and  a  smaller  steam 
production. 

Ohm's  law  is  much  better  understood  among  electrical  engineers 
than  are  the  above-stated  laws  of  gas  flow  among  steam-boiler 
engineers;  probably  the  reason  is  that  in  electrical  measurements 
the  units  of  drop  of  potential,  resistance,  and  rate  of  flow  of  energy 
are  all  named,  and  the  existence  of  names  makes  measurements  much 
easier  than  in  the  case  of  the  analogous  quantities  in  problems  relating 
to  the  flow  of  gases.  The  w^ell-defined  electrical  units  enable  their 
users  to  think  much  more  accurately  than  do  the  men  who  have 
inherited,  from  times  when  science  w^as  hardl}^  existent,  such  vague 
ideas  as  that  of  ''draft." 

The  following  statements  are  general : 

(a)  If  in  any  one  steam-generating  apparatus  the  total  pressure 
drop  and  the  temperature  of  furnace  gases  remain  constant,  the  weight 
of  gases  passing  through  the  apparatus  per  unit  of  time  varies  in- 
versely as  the  total  resistance.  Since  in  the  same  apparatus  only  the 
resistance  of  the  fuel  bed  is  changeable,  it  may  be  said  that  under  the 
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jil)()V(^  ('irciiinsjanccs  (lu^  Wiu^lit  of  ;^iist*s  piiHsiiij^  Ihrouj^li  ( In*  aj)j>Hr>i- 
tiis  \)vv  unit  of  tiiiH^  varies  iiivcrHoly  as  tli(^  roHiHtanc*'  <»f  (In*  fiwl  IxmI; 
tlicrrfoio  it  vari(»s  also  inversely  as  hoiiic  power  of  ihc  prcsxuir  <lf<)j> 
tliroiit^Hj  IIk^  fuel  I)(m|. 

(/>)  I n  any  oik^  apparatus  1  he  resistance  1  o  1  In-  How  of  li-ases  (hrou^li 
the  conibuslion  chaniher  and  holier  icnuiiiis  eoustaril,  and  Ihrrcfore 
with  constant  temperature  of  i\w.  pjases  llie  wei<^ht  passin<^  through 
per  unit  of  tini(^  is  proportional  lo  some  ()o\s('i'  of  I  he  j)ressur(5  droj) 
throu<j;h  1  lu^  eomhustion  chainher  and   hoilei-. 

STEAMING  TESTS  BY  THE  GEOLOGICAI.  SURVEY  AT  ST.  LOUIS.  MO. 

As  a  (est  of  (he  soun<lness  of  (he  reasoning  in  (he  preee(hn<^  |)ara- 
^raphs,  t(\s(s  140  to  VM,  inchisive,  nuide  a(  the  (Jeolo<^ieal  Survey's 
fuel-((\stin^  plan(  atSt.  Ijouis,  Mo.,  were  classified  in  vaiious  ^roupinj^s 
a.eeoi(lin^  to  ^i^aseous  pressure  drops  C'drafts"),  and  (he  results  were 
|)la(((Ml  in  iUo.  charts  reproduced  as  (ij^ures  21  to  24. 

The  boilers  were  of  the  standai'd  hand-dred  Heine  ty])e,  not  fitted 
wi(h  pressure*  or  exhaust  fans,  but  with  steel  chimneys.  The  two 
boilers  and  their  settin<:;s  were  exactly  alike." 

The  pressures  in  the  furnace  were  taken  in  the  middle  of  tiie  leiit^th 
of  the  jj^rate  and  about  20  inches  above  its  surface.  The  pressure  in 
(lu*  uptake  was  taken  in  the  hood  at  the  base  of  the  stack,  about 
2  feet  below  the  damper  and  3  feet  above  the  point  of  exit  of  the  gases 
from  the  boiler  proper. 

The  points  given  in  the  charts  are  not  individual  tests,  but  each  is 
an  arithmetic  average  of  a  number  of  tests.  The  figures  in  any 
snuill  circle  indicate  the  number  of  tests  averaged  to  get  the  points 
lying  on  that  particular  vertical  line. 

The  efficiency  72*  used  in  these  charts  is  the  ratio  of  the  lieat 
absorbed  by  the  boiler  to  the  heat  of  the  combustible  ascending  from 
the  grate.  The  designation  72*  refers  to  that  item  of  the  Government 
reports  of  the  steaming  tests  made  at  the  Survey's  fuel-testing  plant. '^ 

Curve  1  of  figure  21  is  the  product  of  pounds  of  dry  coal  burned  per 
square  foot  of  grate  per  hour  and  pounds  of  dry  chimney  gases  per 
pound  of  "combustible."^  Considering  that  a  large  number  of  tests 
were  used  in  the  compilation  of  this  chart,  the  product  just  men- 
tioned is  very  nearly  proportional  to  the  weight  of  gases  passing 
through  the  boiler  per  hour.  The  indication  of  curve  1  is  that  this 
latter  weight  increases  steadily  with  the  increase  of  drop  of  pressure 
through  the  boiler.  Curves  2  and  3  show  that  the  rate  of  combus- 
tion and  the  capacity  rise  decidedly  wdth  this  difference  of  pressures. 

nFor  detailed  description  .see  Bull.  U.  S.  Geol.  Survey  No.  325,  1907.  p.  173. 
'■  For  discussion  see  Bull.  U.  S.  Geol.  Survey  No.  325,  1907,  p.  137. 

<  In  this  bulletin  quotation  marks  inclose  the  word  "combustible"  when  it  is  loosely  used  to  mean  "coal 
Irce  from  moisture  and  ash." 
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Curve  4  is  rathor  irrej^ulai-,  however;  the  general  indication  seenu 
to  be  that  more  air  is  used  to  burn  1  pound  of  ''combustible"  as  the 
difFcM-ence  of  pressures  becomes  larger.  This  increase  in  the  amount 
of  air  is  partly  due  to  increased  leakage  through  the  boiler  setting. 
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DROP  OF  PRESSURE  FROM  FURNACE  TO  UPTAKE— INCHES  OF  WATER. 

I'iG.  21.  Rplations  between  pressure  drop  through  two  boilers  and  several  items.  Curve  1,  pounds  of 
coal  burned  per  square  foot  of  grate  area  per  hour  times  the  weight  of  dry  chimney  gases  per  poimd  of 
' '  combustible ; "  curve  2,  pounds  of  dry  coal  burned  per  square  foot  of  grate  area  per  hour;  curve  3,  percent- 
age of  rated  capacity  developed;  curve  4,  povmds  of  dry  chimney  gases  per  pound  of  "combustible;" 
curve  0,  over-all  efficiency  of  grate,  furnace,  and  boiler— that  is,  from  coal  to  steam  (efl&ciency  72*).  In 
platting  these  curves  all  tests  were  used,  the  classification  being  simply  on  the  basis  of  pressiu-e  drop 
through  the  boiler. 

It  may  also  be  the  case  that  among  the  tests  with  the  higher  pressure 
differences  coals  high  in  ash  or  slow-burning  coals  predominate,  in 
which  case  high  pressure  differences  were  necessary  to  obtain  rating, 
and  consequently  more  air  entered  the  furnace  through  cracks  and 
holes  in  the  fuel  bed. 
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(hirv«'  Ti  hIiows  llml  Mm  <'lli<*i<Micy  <lro|)s  sli;^'lilly  as  llir  <lifrrn*iir,e 
of  prcsHiii'cs  iucivascs.  'This  (Iim|)  of  cHicicnrv  <Ji.n  l>«'  parlly 
ac.comilcMl  for  on  llic.  <^M()un(l  llial  tlir  rale  of  comhuslioii  and  tlio 
capacilv    inci-nisc      As    llic    former   increjiscs    more   ^liscs   Iimlvc    the 


.12  J4         J6  J8  M        21 

PRESSURE  IN  FURNACE— INCHES  OF  WATER. 

Fig.  22.— Relations  between  pressure  drops  through  two  fuel  beds  and  several  items,  with  varying  pres- 
sure drops  tlirough  boilers.  Curve  1,  pounds  of  dry  coal  burned  per  hour  per  square  foot  of  grate 
surface;  curve  2,  total  drop  of  gas  pressure  from  furnace  to  uptake;  cur^^e  3,  rated  capacity  of  boiler 
developed,  per  cent;  curve  4,  pounds  of  dry  chinmey  gases  per  pound  of  "combustible;"  curve  5. 
over-all  efilciency  (72*),  per  cent.  In  platting  these  curves  all  tests  were  used,  the  classification  being 
simply  on  the  basis  of  the  pressure  drop  through  the  fuel  bed. 


fuel  bed,  with  the  result  that  they  must  pass  faster  through  the  com- 
bustion space  and  be  afforded  less  time  in  which  to  burn;  hence  the 
combustion  is  less  complete.  Also,  with  higher  capacity,  in  order 
that  more  heat  may  be  conducted  through  the  heating  plates  the 
temperature  difference  between  the  dry  and  wet  surfaces  must  be 
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great  or.  As  tlie  temperature  of  tlie  boiler  water  nMiiaiiis  the  same,  that 
of  the  wet  surface  of  the  heatin<;  plate  can  not  Im;  lowered.  The  only 
way,  then,  by  whicli  the  tcnrpcrature  difrcrence  can  be  increased  is  by 
raising  the  temperature  of  the  dry  siuface.  It  is  tliis  dry  surface 
which  receives  heat  from  the  gases,  and  therefore  the  latter  leave  the 
surface  hotter  when  its  temperature  is  higher.     The  net  result  is  a 
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PRESSURE  DROP  THROUGH  FUEL  BED— INCHES  OF  WATER. 

Fig.  23. — Relations  between  pressure  drops  through  two  fuel  beds  and  several  items,  with  constant  pres- 
sure drop  thi'ough  boilers.  Curve  1,  pounds  of  dry  coal  burned  per  hour  per  square  foot  of  grate  area; 
curve  2,  percentage  of  rated  capacity  developed;  curve  3,  pounds  of  dry  chimney  gases  per  pound  of 
" combustible; ^  curv^e  4,  over-all  efficiency  of  furnace  and  boiler  (efficiency  72*),  per  cent.  In  platting 
these  cun^es only  those  tests  were  used  for  which  the  gas  pressure  drop  through  the  l)oilerwas  0.35  inch 
of  water. 


sHghtly  lower  proportionate  heat  absorption  by  the  boiler  when  the 
capacity  is  higher. 

The  classification  of  figure  22  is  based  on  the  pressure  drop  through 
the  fuel  bed.  According  to  curves  1  and  3,  it  would  seem  that  the 
rate  of  combustion  and  the  capacity  increase  w4th  the  pressure  drop 
through  the  fuel  bed.     However,  if  these  two  curves  be  compared 
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willi  <'iiiv('  'J,  il  Ix'cniiM's  rvidnil  lliiil  llir  rise  ill  |1m»  nih'  <»f  com- 
l)iisli()ii  ji.nd  llic  cjipiMil  v  is  <Iih'  In  llir  iini<'iisiii;^^  <lill*cn'ncc  between 
pn*ssm<'s  in  llu'  uphikr  and  over  llir  liu'l  IxmI.  Tlic  poinlH  of  rnrvo.s 
I,  L\  and  '.\  lisc  and  lull  l(»^';('(  her.  (  invr  I  sliows  that,  in  ^'mcnil 
tJic  wiM^hl,  ol  air  used  per  ponnd  of  "conihn.slihlc"  iiic,n»aH<*M  with  the 
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DROP  OF  PRESSURE  FROM  FURNACE  TO  UPTAKE— INCHES  OF  WATER. 

Fig.  24.— Relations  between  pressure  drops  through  two  boilers  and  several  items.  Curve  1.  product  of 
pounds  of  dry  coal  burned  per  hour  per  square  foot  of  grate  area  and  pounds  of  dry  chimney  gases  per 
pound  of  "  combustible;"  curve  2,  pounds  of  dry  coal  burned  per  hour  per  square  foot  of  grate  area; 
curve  3,  pounds  of  dry  chimney  gases  per  pound  of  "  combustible;"  curve  4,  percentage  rated  capacity 
of  boiler  developed;  curve  5,  over-all  efficiency  (72*),  per  cent.  In  platting  these  curves  only  those  tests 
were  used  for  which  the  gas  pressure  drop  through  the  fuel  bed  equaled  0.12  and  0.13  inch  of  water 

pressure  drop  through  the  fuel  bed,  which  increase  indicates  that  no 
economy  is  gained  by  raising  the  resistance  of  the  fuel  bed.  Curve  5 
shows  a  decided  drop  in  efficiency  w  hen  the  pressure  drop  through 
the  fuel  bed  increases.  There  are  probably  several  causes  for  this 
decrease  in  efficiency,  the  principal  ones  being  the  rise  in  the  rate 
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of  combustion  and  the  capacity  and  the  higher  percentages  of  ash  in 
the  coals  of  the  tests  on  the  right.  It  has  alread}^  been  explained  in 
connection  with  figure  21  why  the  efficiency  decreases  when  the  rate 
of  combustion  and  capacity  increase. 

Figure  23  was  worked  up  to  show  the  effect  of  drop  of  pressure 
through  the  fuel  bed  alone  on  the  evaporation,  without  the  influence 
of  the  pressure  drop  through  the  boiler.  In  compiling  this  chart  only 
those  tests  were  used  for  which  tfiis  latter  j)ressure  drop  was  about 
0.35  inch  of  water.  Curve  1  shows  that  as  the  pressure  in  the  furnace 
decreases  (that  is,  as  the  "draft"  increases)  the  rate  of  combustion 
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TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 

Fig.  25.  —Relation,  in  locomotive  tests,  between  total  pressure  drop  and  rate  of  combustion  (lower  curve) 
and  percentage  of  C02in  the  flue  gases  (upper  curve).  The  upper  curve  indicates  that  the  number  of 
poundsof  air  per  pound  of  coal  did  not  increase  with  the  pressure  drop.   The  points  are  for  individual  tests. 

remains  nearly  constant.  Curve  2  shows  a  decided  drop  in  capacity, 
which  drop,  and  also  the  drop  in  efficiency",  can  be  explained  b}^  the 
indication  of  curve  3,  which  shows  that  as  the  pressure  drop  through 
the  fuel  bed  increases  more  air  is  required  to  burn  1  pound  of  "com- 
bustible," whence  results  a  low^er  temperature  of  the  gases  and  a 
greater  loss  of  heat  up  the  stack  and  a  lower  efficiency.  The  low 
temperature  of  the  gases  reduces  their  volume  so  much  that,  even  if 
their  w^eight  passing  through  per  second  increases,  their  velocity 
remains  the  same,  or  may  even  decrease,  which  explains  the  apparent 
contradiction  wath  statements  made  in  previous  paragraplis. 
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Ki^^iirc  24  is  siiniljii"  lo  fifjjiiro  2  I .  In  phiiiin;^  I  liis  clmrt  only  flioH« 
tcsls  wore  uscmI  {'((I-  wliicli  I  lie  !i.v(»riijX(».  |)n»ssiiro  drop  tliroiit^li  lln'  fiu'l 
I)(mI  was  0.12  ]i,ii(l  0.1.!  inch  (•!'  wjilcr,  so  lliul  lln'  prossun*  in  tli<'  fiir- 
wuro  nniv  ho  coiisidciTd  ;i.  consliinl  uiiioiinl  hclow  fix'  ;il  innspli(»r<». 
In  j^ciicnil  I  his  churl  n.^^r('('s  with  lii^Mirc  21. 

'V\\v  coiichisioii  which  <'iiii  he  drnwii  from  (he  lour  charts  based  on 
clH,ssi(ic}i,(ion  of  t(^sls  acM'oi'diii;:;  lo  ;^ns  pressures  in  1  h(»  boiler  srttinp; 
is  Ihal  in  iuiv  on(»  .-ippjirahis  1  he  I'ulc  of  coinhnsi  ion  niid  the  capacity 
increase  wilh  (he  (hlfci-cncc  of  |)ressiires  in  ihe  nplake  and  the  fiir- 
iiac(».,  mid  nol  with  1  he  pi-essur(».  <lrop  lliron;.rh  Ihe  fuel  bed  alone.  Or*, 
staled  olherwise,  an  unduly  hi<^di  |)ressure  drop  (Jirou^h  ihe  fuel  becj 
is  a,n  indicalion  of  had  condilions  1  herein,  in  that  Ihe  flow  of  air 
lhron«2:h  il  is  dillicuh . 

Kroni  the  cliarls  just  discussed  Iho  inference  must  not  bo  drawn 
that  lar<2;e  i)ressure  dn)j)s  ('Mrafts")  are  aj)t  lo  bo  accompanied  by 
low  enicieiicies;  in  Ihe  above  cases  the  coincidences  are  a  consequence 
of  the  e(|uipnienls  used,  and  in  some  cases  of  certahi  properties  of  the 
coals  burned. 

LOCOMOTIVE    TESTS     BY    THE    GEOLOGICAL    SURVEY    AND     THE 
SEABOARD  AIR  LINE  RAILWAY  AT  PORTSMOUTH,  VA. 

In  order  (o  demonstrate  further  some  of  the  principles  develo})e(l 
or  advocated  in  the  })receding  pages,  such  data  and  results  as  bear 
directly  on  the  subject  of  this  bulletin  were  extracted  from  14  loco- 
motive tests  and  compiled  into  Table  9.  These  tests  were  made  with 
run-of-mine  coal,  with  large  square  briquets,  6i  by  4f  by  3  inches, 
and  with  small  oval  briquets,  3i  inches  in  diameter  by  2  inches  thick. 
Both  styles  of  briquets  were  made  expressly  for  these  tests  by  the  Geo- 
logical Survey  at  its  Norfolk  testing  plant,  from  part  of  the  run-of- 
mine  coal."  The  object  of  the  tests  was  to  determine  whether  the 
use  of  briquets  in  a  steam  locomotive  would  increase  the  economy 
and  capacity  sufficiently  to  pay  for  the  briquetting  of  the  coal,  and 
wdiether  one  kind  of  briquet  possessed  any  advantages  over  the  other. 
All  tests  were  made  with  the  locomotive  standing  in  the  3^ards,  and 
the  steam  was  discharged  into  the  steam  main  of  a  stationary  boiler 
plant. 

The  locomotive  was  a  new  one  of  the  10-wheel  freight  type.  The 
fire  box  was  104  inches  long  and  41  inches  wide.  The  height,  of  the 
crown  sheet  above  the  grate  was  about  55  inches.  The  fire  box  con- 
tained a  brick  arch  inclosing  and  supported  by  five  2 ^ -inch  water  tubes. 
A  rocking  grate  of  the  finger  t^^pe  supported  the  fuel.  The  boiler 
contained  328  tubes,  each  2  inches  in  internal  diameter  and  14  feet 

a  For  analysis  of  coal  used,  see  Bulletin  No.  3f)2of  the  United  States  Geological  Survey,  Mine  sampling 
and  chemical  analyses  of  coals  tested  at  Norfolk,  Va.,  in  1907,  by  J.  S.  Burrows.  A  detailed  account  of 
the  tests  will  be  found  in  Bulletin  No.  412,  by  W.  T.  Ray  and  H.  Kreisinger. 
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IJ  inches  long.  The  pressure  drop,  or  draft,  was  produced  as  usual 
by  the  small  steam  jet  or  by  discharging  steam  directly  from  the 
boiler  through  the  exhaust  nozzle;  when  using  the  latter  method  the 
cylinder  valves  were  removed  and  the  discharge  of  the  steam  pro- 
ducing the  pressure  drop  was  regulated  by  the  main  throttle. 

The  most  significant  feature  of  the  results  of  these  tests  as  applied 
to  the  subject  of  this  bulletin  is  that  the  rate  of  combustion  keeps  up 
with  the  total  pressure  drop,  as  might  be  predicted  from  the  relation 
between  the  total  pressure  drop  and  the  rate  of  flow  of  air,  obtained 
from  experim,ents  on  the  flow  of  air  tln'ough  beds  of  shot.  This  fea- 
ture is  brought  out  very  prominently  by  the  lower  curve  of  figure  25. 
It  shows  that  for  a  certain  range  the  rate  of  combustion  increases 
with  the  total  drop,  and  that  the  increase  in  the  rate  of  combustion 
is  faster  than  the  law  of  its  proportionality  to  the  square  root  of  the 
total  drop  would  suggest.  Thus,  at  a  total  drop  of  3  inches  of 
water  the  rate  of  combustion  is  45  pounds  of  coal  per  square  foot  of 
grate  surface  per  hour;  at  a  total  pressure  drop  of  9  inches  of  water  it 
is  90  pounds,  which  is  twice  as  much  as  in  the  first  instance,  whereas 
if  the  square-root  rule  held  the  rate  of  combustion  would  be  only  the 
square  root  of  9 -r- 3  =  1.73  times  as  large,  or  only  about  76  pounds. 

The  points  of  the  upper  curve  are  somewhat  irregular,  but  in 
general  they  show  that  the  air  supply  per  pound  of  coal  remains 
about  constant,  or,  rather,  that  the  rate  of  combustion  keeps  up 
with  the  air  supply. 

Strictly  speaking,  the  lower  curve  of  figure  25  shows  the  rate  of 
disappearance  of  coal  from  the  grate  and  not  the  rate  of  combus- 
tion, because  part  of  the  coal  was  not  gasified  but  went  up  the  stack 
in  the  form  of  sparks.  However,  the  amount  of  sparks  seldom 
exceeded  5  per  cent  of  the  coal  fired,  so  that  the  curve  would  not  be 
changed  very  much  if  correction  were  made  for  the  coal  lost  in  sparks. 

It  may  be  interesting  to  compare  the  indication  of  figure  25  with 
that  of  figure  11  and  with  the  discussion  of  the  latter  beginning  on 
page  31.  It  is  stated  there  that  if  a  given  boiler  uses  up  2  per  cent 
of  the  total  steam  generated  in  operating  the  fan  when  the  boiler 
is  working  at  100  per  cent  of  its  rated  capacity,  the  consumption  of 
steam  by  the  fan  will  rise  to  6.5  per  cent  of  the  steam  generated  if 
the  capacity  of  the  boiler  be  doubled,  and  to  12  per  cent  if  the 
capacity  be  trebled.  Turning  now  to  figure  25,  let  us  assume  that 
the  capacity  of  the  boiler  increases  directly  mth  the  nominal  rate 
of  combustion.  Starting  with  the  point  at  the  total  pressure  drop 
of  2  inches,  where  the  rate  of  combustion  is  37  pounds,  the  following 
will  be  the  pressure  drops  and  relative  amounts  of  work  required 
of  the  fan  for  doubled  and  trebled  rates  of  combustion  and  capaci- 
ties.    The  amount  of  work  done  by  the  fan  in  each  case  is  figured 
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from  tho  r('ljitiv<^  volmiw  of  n'w  ii!i<l  I  In-  pn'ssiirc  it  is  inovctl  a^^aiii.st 
by  tho  foiiimlji  "Work  of  fan  is  inoporlioiml  to  voIiihk*,  x  f)rcHHur('." 
Pressure  drops  are  taken  ffom  llic  ciitNc  <»f  \\</\iit'  25. 
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Pressure  drops  and  relative  amounts  of  work  required  of  fan  for  doubled  and  trebled  rates 

of  combustion  and  capacities. 


Rated  ca- 
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Rate  of 
com- 
bustion. 

Pressure 

drop, 

taken  from 

curves. 
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Per  cent. 

a  2.  00                  1.00 

6  6.85     1             6.8,1 

b  11.65               17.50 

o  Assumed. 


b  Calculated. 


In  the  above  comparison  the  rate  of  combustion  was  taken,  rather 
than  the  horsepower  (leveloped  by  the  locomotive  boiler,  because  the 
consideration  of  the  former  is  more  nearly  parallel  to  the  experiments 
on  the  flow  of  air  through  beds  of  shot. 

Figure  26  shows  how  the  boiler  horsepower  developed  by  the  loco- 
motive increases  with  the  total  pressure  drop  from  ash  pit  to  stack. 
The  points  for  the  three  styles  of  fuel  do  not  fall  so  nicely  in  one  line 
as  they  do  in  figure  25.  Evidently  the  combustion  was  not  as  good  with 
run-of-mine  coal  as  it  was  with  briquets,  and  for  that  reason  the  capac- 
ity does  not  increase  as  fast  with  rising  total  pressure  drop.  The  loca- 
tion of  the  points  is  such  as  to  make  it  advisable  to  pass  three  curves 
through  them,  one  for  each  style  of  fuel.     The  highest  point  of  the 
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small  briquet  curve  is  apparently  too  low;  before  making  these  tests 
the  briquets  had  been  transferred  several  times  from  one  tender  to 
another,  so  that  about  35  j)er  cent  of  them  had  crumbled  before  the 
test.  This  condition  undoubtedly  pulls  the  point  down  toward  the 
run-of-mine  curve.  The  slower  increase  in  boiler  horsepower  of  the 
curve  for  run-of-minc  coal  is  largely  due  to  the  fact  that  the  coal  con- 
tained a  high  percentage  of  slack  which  was  carried  by  the  strong 
current  of  gases  through  the  furnace  and  boiler  and  out  through  the 
stack.  In  the  calculations  this  loss  is  charged  against  the  heat- 
absorbing  ability  of  the  boiler,  even  though  it  docs  not  increase  the 
rate  of  steam  production  in  any  way,  and  even  though  it  absorbs  fan 
work  in  being  moved  along. 

According  to  the  curves  of  figure  26  the  increase  in  total  pressure 
drop  required  to  develop  twice  a  given  horsepower  would  be  as  follows: 

Increase  in  total  pressure  drop  required  to  develop  twice  a  given  horsepower. 

SMALL   BRIQUETS. 


Total  pressure 

drop  ill  inches 

of  water. 

Boiler  horse- 
power devel- 
oped. 

Casel 2.0 

Case  2 i                   8.3 

i 

365 
730 

Ratio  of  pressure  drops  of  cases  2  and  1  — 8.5  h-2— 4.25. 
LARGE   BRIQUETS. 

Casel 2.0 

Case  2 7. 7 

332 
664 

Ratio  of  pressure  drops  of  cases  2  and  1  =  7.7  -^  2.0 = 3.85. 


In  order,  then,  to  double  the  capacity  the  total  pressure  drop 
must  be  multiplied  by  4.25  when  burning  these  particular  small 
briquets,  and  by  3.85  when  burning  these  particular  large  briquets, 
in  this  particular  furnace.  With  the  run-of-mine  coal  it  would  be 
necessary  to  multiply  the  total  pressure  drop  by  about  10.2  to  obtain 
the  same  increase.  It  is  evident  that  run-of-mine  coal  containing  a 
high  percentage  of  slack  is  not  fit  to  use  for  high  capacities  with  high 
pressure  drops  through  the  fuel  bed,  for  reasons  already  stated,  one  of 
them  being  the  carrying  up  of  fine  coal  unburned.  Fuels  having 
pieces  of  uniform  size,  such  as  briquets,  are  better  suited  for  use  in 
this  manner. 

The  average  of  the  ratios  of  the  pressure  drops  in  the  two  above 
cases  for  the  two  styles  of  briquets  is  about  4,  or  2^  Taking  into  con- 
sideration also  the  fact  that  at  such  higher  pressures  at  least  twice 
fche  weight  of  gas  must  be  put  through  the  fuel  bed  and  boiler,  the 
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TOTAL  PRESSURE  DROP— INCHES  OF  WATER. 
Fio.  2(i.— Relation,  in  locomotive  tests,  between  the  total  pressure  drop  and  the  boiler  horsepower  devel- 
oped.   The  points  are  individual  tests  on  run-of-mine  coal,  large  sciuare  briquets  .and  small  oval  bricpiets. 

seem  that  with  a  woll-designed  furnace  and  with  a  fuel  of  uniform 
size  the  same  relation  as  above  woukl  hokl  for  a  case  of  trebled 
capacity,  as  given  below: 
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pressure 
drop. 

Relative    i    Relative 
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(volume).           fan. 
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unity. 
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The  relative  work  in  the  three  above  eases  is  ohlained  by  multi- 
])Iyiiig  to^^ether  the  n^lative  weights  of  the  gases  (volumes)  and  the 
relative  pressures  against  which  the  volumes  are  displaced,  which 
procedure  is  in  accordance  with  the  well-known  formula,  "Work  is 
])r()p()rtional  to  volume  X  pressure." 

The  figures  in  the  ])receding  three  cases  state  that  the  work 
required  of  the  fan  varies  as  the  cube  of  the  capacity  developed  by 
the  boiler.  This  relation  is  found  to  be  approximately  correct,  at 
least  for  the  tests  of  figures  25  and  26.  With  boiler  outfits  designed 
for  high  capacity  the  work  of  the  fan  might  be  far  lefes  than  indi- 
cated above,  while  with  some  of  the  existing  outfits  it  would  be  more. 

A  caution  is  in  place  here.  The  attempt  must  not  be  made  to  put 
more  air  through  existing  boilers  by  running  the  fans  a  great  deal 
faster,  because  the  power  consumed  will  increase  far  faster  than  the 
above  calculations  estimate.  New  fans  and  engines  must  usually 
be  installed  of  sufficiently  larger  size  to  supply  the  larger  quantities 
of  air  at  as  high  an  efficiency,  if  not  higher. 

As  has  already  been  suggested,  one  way  of  reducing  the  work 
required  from  the  fan  in  the  case  of  doubling  the  capacity  of  the 
boiler  is  to  increase  the  grate  surface,  so  as  to  avoid  a  high  increase 
of  pressure  drop  through  the  fuel  bed,  increasing  materially  only 
the  pressure  drop  through  the  boiler  proper.  A  low  pressure  drop 
through  the  fuel  bed  would  also  insure  better  combustion  of  the  fine 
particles  of  coal  which  w^ould  be  carried  out  of  the  stack  unburned 
if  high  gas  velocities  through  the  fuel  bed  were  employed,  the  high 
velocities  being  obtained  by  high  pressure  drops.  This  last  method 
is  being  successfully  used  by  H.  G.  Stott  and  W.  S.  Findley,  of  the 
Interborough  Rapid  Transit  Company,  New  York  City.  They  have 
recently  installed  an  extra  Roney  stoker  under  the  rear  end  of  each 
of  several  Babcock  &  Wilcox  boilers,  with  the  result  that  the  amount 
of  steam  produced  was  nearly  doubled,  the  combined  efficiency  of 
the  boiler  and  furnace  dropping  only  about  3  per  cent.  A  complete 
description  of  the  outfits  and  the  results  is  given  in  a  paper  read  by 
Walter  S.  Findley,  jr.,  before  the  American  Institute  of  Electrical 
Engineers  in  December,  1907.  In  this  case  the  pressure  drop  through 
the  fuel  bed  was  the  same  as  with  the  single  stoker,  or  perhaps 
decreased  slightly.  Of  course,  the  pressure  drop  through  the  boiler 
proper  increased  considerably.  An  electrical  engineer  would  say 
that  the  above  experimenters  put  two  fuel  beds  in  parallel  and  with 
the  same  potential  drop  obtained  twice  the  current  (weight  of  gases). 
The  same  result  could  have  been  obtained  by  thickening  somewhat 
the  fuel  bed  on  the  single  stoker  and  increasing  the  pressure  drop 
through  it,  in  which  case  the  electrical  engineer  would  say  that  the 
experimenters  put  two  fuel  beds  in  series  and  by  increasing  the  drop 
of  potential  obtained  twice  the  current  (twice  the  weight  of  gases). 


RUM  MARY.  r»^* 

TIk^  fiM'ilKxl  <»r  iiK  rcasiii^  IIh'  grille  arcii  is  »i  promising  oim'  hrcu.iMO 
il.  iccjiiiios  less  work  from  I  lie  fims;  it,  in  I'HpiM'iiilly  in  l>c  inrf'Tfrri 
ill  (hose  cases  wlwic  (lnic  is  a  lii^^li  ixrcciif ii;j;('  nl'  sljick  in  (Im*  <MaI, 
jis  ali'cady  explained. 

The  li/^iii'es  and  prineiph's  <lerive<l  Ironi  I  lie  expeiiinenl.-.  and  te.sis 
presenled  in  I  his  hiilletin  may  nol  he  Mppiienhle  <hierily  l<»  Hpi'cial 
pi'ohlenis;  lliey  snj^^esl,  nu'lhods  hv  whieli  each  prohlein  eaFi  he 
studied  and  its  successful  solution  hrou^^hl  ahoiit.  1^'urther  ex|)eri- 
inents  with  lahorat.ory  apparatus  as  well  as  with  hot  fuel  heds  aro 
d(\sirahle  hefore  more  nceurntc  lijj^ui'cs  can  he  ^iven.  The  (ieolo<rieai 
Survey  contcniphitrs  the  making  of  such  <'xperinients  in  the  nejir 
future,  the  results  to  he  W(>rk<»d  u[)  and  puhlished  in  the  next  hulletin 
on  "Drafts." 

SUMMARY. 

Th(^  substance  of  <his  hulletin  uuiy  be  summarized  as  follows: 

If  the  resist aue{^  to  the  flow  of  <j;as  renniius  un(han<^e(l,  the  pres- 
sure drop  throui^h  any  portion  of  tlie  ^as  ])assa<:je  bears  a  constant 
ratio  to  the  total  ])ressure  drop. 

If  (he  total  pressure^  (h'op  from  ash  ])it  to  uptake  remartis  constant, 
the  pressure  ch'oj)  t  hrouj^h  any  portion  of  the  ^as  ])assaj}je  varies  with 
the  resistance  to  the  llow^  of  ojas  through  that  ])articidar  ])ortion. 
Thus  with  a  constant  total  drop  from  the  asli  pit  to  the  uptake  the 
pressure  (h'op  throuj^jh  the  o;rate  and  fuel  bed  vari(\s  with  the  resist- 
ance of  the  jjjrate  and  hw\  b(Hl,  the  variation  bein<];  in  the  same  direc- 
tion but  not  of  ])roportional  magnitude. 

If  tlie  resistance  of  any  portion  of  tlie  gas  passage  remains  con- 
stant, the  weiglit  of  gas  passing  through  that  ])ortion  varies  as  some 
power  of  the  pressure  (h-op  through  it.  The  index  of  the  jiower 
is  approximately  },  so  that  in  order  to  double  the  weight  of  gas 
passing  through,  the  pressure  drop  must  be  quadrupled,  and  in  order 
to  treble  it  the  pressure  drop  must  be  made  nine   times  as  great. 

The  above  three  statements  are  general  for  all  conditions  and  for 
all  combinations  of  ''forced"  and  ''induced"  "draft." 

There  is  really  no  difference  betw^een  "forced"  and  "induced" 
"draft,"  provided  the  setting  is  tight.  The  volumetric  percentage 
of  "dead"  corners  in  a  boiler  is  the  same  in  either  case. 

"With  gases  there  is  no  pulling,  only  pushing."  Gases  travel 
from  places  of  higher  pressure  to  those  of  lower,  the  motion  of  the 
gas  occurring  because  of  its  expansion. 

The  term  ^' draft"  is  indefinite,  being  applied  sometimes  to  the 
motion  of  gases  and  sometimes  to  the  cause  of  the  motion — that  is, 
to  the  pressure  difference. 
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Experiments  shedding  li^ht  on  the  flow  of  <^ases  through  boilers 
were  inad*'  in  a  laboratory  by  passin<.^  air  throu<;h  two  beds  of  lead 
shot,  'i'he  results  of  the  experiments  are  expressed  in  the  following 
brief  para<^raphs: 

The  rate  of  flow  of  air  through  a  bed  of  shot  of  constant  thickness  is 
approximately  proportional  to  the  square  root  of  the  pressure  drop 
through  the  bed. 

As  the  thickness  of  the  beds  of  shot  increase,  the  weight  of  air  pass- 
ing through  per  minute  decreases  very  rapidly  at  first,  then  more  and 
more  slowl}'. 

To  put  air  at  the  same  rate  through  twice  as  thick  a  bed  of  shot 
reciuires  twice  the  pressure  difference  between  the  two  sides  of  the  bed 
and  twice  the  work  must  be  expended. 

If  the  height  (number  of  rows  of  tubes)  of  a  cross-flow  type  of  water- 
tube  boiler  be  doubled,  or  if  the  length  of  the  tubes  of  a  parallel- 
flow  t3"pe  of  water-tube  boiler  be  doubled,  or  if  the  tliickness  of  a 
fuel  bed  be  doubled,  it  is  likeh'  that  the  work  required  of  a  fan  will 
be  about  doubled  if  the  same  weight  of  gas  is  to  be  passed  through 
per  minute. 

If  two  or  three  times  the  usual  amount  of  gases  be  forced  through 
a  stoker  and  boiler  so  as  to  produce  nearly  two  or  three  times  as 
much  steam,  the  total  work  expended  on  the  fans  will  be  increased 
perhaps  8  and  27  times,  respectively  (2^  and  S^).  Suppose  that  it 
takes  60  pounds  of  steam  per  hour  to  run  the  fan  when  developing 
100  boiler  horsepower  in  a  certain  boiler,  to  develop  200  horsepower 
in  the  same  boiler  a  fan  of  the  same  efficiency  would  use  60  X  8  =  480 
poimds  of  steam,  and  to  develop  300  horsepower  a  third  fan  of  the 
vsame  efficiency  w^ould  use  60x27  =  1,620  pounds.  Expressed  in 
percentage,  the  consumption  of  steam  in  the  three  cases  would  be  as 
follows,  taking  as  a  boiler  horsepower  30  pounds  of  steam  produced 
under  70  poimds  gage  pressure  from  feed  water  at  100°  F. : 

Fan  consumption  of  strum  as  a  percentage  of  total  steam,  generation. 
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This  greater  proportionate  expenditure  of  steam  would  probably  be 
saved  in  other  operating  costs,  besides  which  there  would,  be  the 
great  advantage  of  working  the  investment  two  or  three  times  as  hard. 
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(Tca.sr  Ihc  total  pressure  <lrop  in  onler  to  raiso  th<^  capacity  of  a 
l)oiler.  Assume  tliat  the  work  ap|)lie<l  to  I  lie  fan  would  eontinue  to 
increase  as  in  the  ahove  three  cases,  startin;^  the  same  at  2  per  eent. 
With  hi;^h(M'  cnpH<ities  the  st<'ain  <'onsumj)t  ion  of  the  fans  would  ho 


as  ^iv(^n  below; 


lloiirr 

litirsr- 
pciwor. 

KNI 
'J(KI 
:<(MI 
4(N) 

I'lTlClllupi 
of  Sll'ltlll 

iis«'(l  liy 
fllM. 

lirtrsi'- 
powcr. 

run) 
(too 

700 
HOO 

I'vu-PnUiKn 

of  Nti^aiii 

Il.s4td  liy 

full. 

.10 
72 
ft8 

2    1 
8 
18 

This  ta.l)le  shows  tha.t  it  would  he  iiii[)o.ssil)le  to  nniltij)ly  the 
capacity  by  more  t  ban  7.  lieyond  t  his  t  he  fan  would  take;  more  steam 
than  the  boil(>i-  would  make.  At  5  times  the  ori<^inal  caj)a(!ity  the 
fan  would  tak(»  about  half  the  steam.  I)oublin<^,  treblinj^,  and  j)er- 
liaps  with  larjj^er  j^rato  areas  even  (juadruplinj;  tbe  rate  of  workin^^  a 
boiler  seems  to  b(»  sound  conimercial  practice.  Furthermore,  by 
carefully  (hvsinrnin*:;  a.  fan  the  a])()ve  steam  consumption  could  nearly 
be  cut  in  half.  This  we  must  admit  if  we  study  ediciency  tests  made 
on  fans  of  various  makes  by  trnstwortliy  experimenters,  who  bavc 
sbown  tbat  the  elliciency  of  a  blower  from  tbe  sliaft  to  air  delivered 
lies  ordinarily  between  10  and  50  per  cent. 

Increasin<r  the  len^tli  of  a  multitubular  boiler  and  leaviri";  the 
internal  diameter  of  tbe  tubes  tbe  same  seems  in  some  cases  to  increa.se 
slij]:htly  tbe  total  amount  of  beat  absorbed  wlieii  tbe  boiler  is  work- 
ing under  tbe  same  ju-essure  (draft)  difTerence  between  tbe  two  ends 
of  tbe  tubes,   altbougli  tbe  weiglit  of  air  passing  tbrough  is  less. 

A  large  pressure  drop  tbrough  the  fuel  bed  (or  a  high  draft  above 
the  fire)  does  not  necessarily  mean  tbat  the  rate  of  combustion  is 
high;  it  is  likely  to  mean  the  opposite.  High  pressure  drop  through 
the  fuel  bed  always  means  high  resistance  in  it  to  the  flow  of  gas. 

The  pressure  drop  tbrough  the  fuel  bed,  or  the  draft  over  the  fire, 
is  significant  only  when  considered  in  connection  w^ith  the  total 
pressure  drop. 

The  capacity  of  a  boiler  increases  with  the  difference  between  the 
pressures  in  the  uptake  and  over  the  fire. 

With  constant  total  pressure  drop  (total  draft)  the  capacity  of  a 
boiler  decreases  as  the  pressure  drop  through  the  fuel  bed  increases. 
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GLOSSARY. 

Abh  pit. — Uflcd  in  thin  bulletin  to  mean  the  space  under  the  grate  through  which  air 
must  i)a88  before  entering  the  grate  and  fuel  bed. 

roMBiisTinLK. — A  loose  name  aiad  misnomer  for  the  substancf;  ])roperly  described  as 
''coal  free  from  moisture,  sulphur,  and  ash."  In  this  bulletin  it  means  "coal  free 
from  moisture  and  ash." 

Draft. — This  term  is  sometimes  appliiid  to  the  motion  of  gases  and  sometimes  to  the 
difference  of  pressures  producing  the  motion.  To  speak  of  draft  being  absorbed 
by  sharp  turns  (;an  not  mean  anything  else  than  that  the  velocity  of  the  gases  is 
reduced.  To  speak  of  a  draft  of  ]  inch  of  water  can  not  mean  anything  else  than 
thai  the  difference  between  the  pressures  at  two  points  is  sufficient  to  support  a 
column  of  water  1  inch  high.  The  vague  term  draft  probably  originated  from  the 
mistaken  idea  that  something  was  pulling  or  drawing  the  gas.  See  pages  6-9  for 
arguments  that  there  is  really  no  such  motive  power  effective  in  the  movement  of 
gases. 

Exhaust  fan. — Commonly  called  induced-draft  fan. 

Fuel  bed. — The  mass  of  burning  fuel  on  a  grate. 

Hood. — See  Uptake. 

Pressure  drop. — The  pressure  drop  through  any  j)ortion  of  a  gas  passage  is  the 
difference  between  the  pressures  at  the  two  ends  of  the  portion.  It  is  equal  to  the 
difference  between  "drafts"  at  the  two  points. 

Total  pressure  drop  is  the  difference  between  the  pressures  at  the  two  extreme 
ends  of  a  gas  passage,  including  all  the  component  portions. 

Pressure  fan. — Commonly  called  forced-draft  fan. 

Uptake,  sometimes  called  Hood. — The  conical  passage  connecting  the  i)lace  where 
the  gases  leave  the  boiler  proper  with  the  flue  leading  to  the  chimney.  The  pres- 
sures taken  in  the  uptake  were  obtained  within  2  or  3  feet  of  the  last  tubes  of  the 
boiler  proper. 
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